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Abstract 

The rapid surge in portable electronic devices, wearable multimedia gadgets, and 

various medical apparatus, has created a flourishing demand for energy generation 

technologies that are slim, lightweight, portable, and flexible. Here we have developed 

high-performance piezoelectric assisted triboelectric hybrid energy harvesters (HEH) 

with specific attributes, including increased output properties in terms of output 

voltage and current, flexibility, and versatile functionality. Innovative applications for 

HEH technology that can offer cost-effective, safe, convenient solutions to address 

energy challenges, specific sensing, and smart applications were explored.  As 

functional layers for HEH devices PVDF and PDMS were utilized due to their high 

negative surface charge density. To induce higher piezoelectricity inside the polymer 

matrix, ceramic inclusion strategy was implemented. At first, ceramic Barium Titanate 

(BaTiO3)-based filler material, the strontium-doped BaTiO3 was characterized. 

Optimized composition (Ba0.6Sr0.4TiO3) in terms of high dielectric permittivity, low 

loss tangent, and low leakage current was used as a filler in PVDF for piezoelectric 

energy harvesting and mechanosensing. The limitation posed by BST40's 

centrosymmetric crystal structure was addressed by introducing 

(Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 (BCHT) particles. These BCHT particles had a notably 

high piezoelectric charge coefficient of 333 pC/N and were incorporated as fillers to 

create flexible BCHT/PVDF composites.  The BCHT/PVDF functional layer was 

utilized to efficiently fabricate a piezo-tribo hybrid energy harvester for biomechanical 

movement sensing. It was also well suited in applications like smart switches for 

controlling smart home appliances and in smart parking sensors which can efficiently 

differentiate any “vacant” or “filled” state in a parking slot. The idea of piezoelectric-

assisted triboelectric hybrid energy harvester was again implemented in another HEH 

device where lead-free morphotropic phase boundary composition BaTi0.89Sn0.11O3 

(BTS) was used as filler material. Due to four phase coexistence, BTS showed 

piezoelectric charge coefficient (d33) of ~ 412 pC/N. BTS loaded PDMS consisted 

hybrid energy harvester device was utilized for biomechanical energy harvesting, 

writing pad sensing, and as a power source for wireless power transmission. Hence, 

this thesis is set to introduce a groundbreaking dimension to the realm of piezo-tribo 



vii 

hybrid energy harvesting. The proposed multifunctional solutions incorporate 

biomechanical movement sensing, writing pattern detection, leveraging the device as 

a power source for wireless power transmission, and integrating the fabricated device 

into wireless smart home and smart parking sensor applications. This contribution is 

anticipated to significantly impact self-powered electronics, robotics, real-time 

healthcare monitoring, and advancements in artificial intelligence technologies. 
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Chapter 1 

Introduction 
1.1 Motivations 

The rapid expansion of globalization has sparked two pressing challenges: the 

depletion of fossil fuels and the mounting crisis of global warming [1–5]. Our world is 

progressing towards severe issues related to pollution and the diminishing reserves of 

carbon-based energy resources. In the past century, due to the swift growth of 

industrialization and urbanization, there has been an aggressive consumption of 

global energy [1,3]. In these critical times, as the world grapples with the dual 

challenges of reducing CO2 emissions and addressing electricity deficits, decisive 

measures are of paramount importance. To confront these pressing issues, the field of 

efficient energy harvesting has a central focus on the realm of green and sustainable 

energy science. Large-scale energy harvesting endeavors mainly center around the 

capture of energy from renewable sources like solar, wind, thermal, and mechanical 

systems [2–11]. While these energy resources have the potential to provide eco-

friendly power on a large scale, they face challenges related to cost-effectiveness, and 

portability [9,10,12,13]. Many of these resources entail high initial installation costs, 

are not friendly to birds and bats, and demand substantial land or space for their 

deployment. Furthermore, the rapid surge in portable electronic devices, mobile 

phones, flexible displays, wearable multimedia gadgets, and various medical 

apparatus, has created a flourishing demand for energy generation technologies that 

are slim, lightweight, portable, and flexible [9,11,13]. These technologies are widely 

utilized in wireless sensing, infrastructure monitoring, healthcare systems, and 

security applications. These devices are also gaining tremendous attention in self-

powered sensing applications. These sleek, lightweight devices are exceptionally well-

suited for powering portable and flexible electronics that operate at lower frequencies 

which will also reduce the burden of the battery[14–24]. Keeping these aspects in mind, 

researchers are in tremendous search for devices and technologies that can power up 

their energy needs on their own. In this viewpoint, energy harvesting is the backbone, 

elaborated in the next portion. 
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1.2 Concept of energy harvesting 

Energy harvesting is the procedure of capturing and transforming different types of 

energy from the nearby environment into electrical energy that can power electronic 

devices or charge batteries [25]. Below are some essential aspects of energy harvesting. 

Energy harvesting has a rich history, with various milestones: 

Early Exploration (19th-20th Century): The concept of tapping into ambient 

energy sources dates back to the 19th century. Early experiments by scientists like 

Thomas Seebeck and Jean-Charles-Athanase Peltier laid the groundwork for 

thermoelectric energy conversion. 

Piezoelectric Advances (Mid-20th Century): Piezoelectric materials, which 

generate electricity when subjected to mechanical stress, gained attention in the mid-

20th century. They found use in devices like piezoelectric lighters and underwater 

sonar equipment. 

Space Era (1950s-1960s): Energy harvesting was employed in early space missions 

to power instruments and sensors. Radioisotope thermoelectric generators convert 

heat from decaying radioactive isotopes into electricity. 

Commercialization (1970s): The 1970s saw the first commercial applications of 

energy harvesting. Electronic watches and calculators integrated with photovoltaic 

cells to power low-energy displays. 

Microelectronics and Wireless Sensors (Late 20th Century): As low-power 

microelectronics advanced, the demand for energy harvesting grew. Research efforts 

focused on enhancing the efficiency and practicality of these systems. 

Solar Power Revolution (Late 20th Century to Present): Solar energy 

harvesting saw significant progress. Photovoltaic technology improvements and cost 

reductions made solar energy more accessible and efficient. 

IoT advancement (21st Century): The rise of small, low-power IoT devices drove 

the need for reliable energy harvesting solutions. Research and development surged 

to make these systems more dependable and scalable. 

Diverse Applications (21st Century): Energy harvesting found use in various 

fields, from environmental monitoring and healthcare devices to wearables and smart 
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infrastructure. It’s applications for replacing batteries in remote and challenging 

environments have increased. 

These energy-harvesting technologies continue to evolve. Ongoing research focuses on 

improving efficiency, scalability, and cost-effectiveness, exploring new materials and 

techniques for enhanced energy conversion and storage. In this era of smart IoT, 

energy harvesting has transitioned from early concepts to a practical and eco-friendly 

solution for powering a wide range of electronic devices that are self-powered 

[14,15,17,26]. Out of several ideas to reach a sustainable reality, energy harvesting from 

waste energy like sun energy, geothermal energy, wind energy, ocean waves, hydro 

currents in from rivers, biomechanical energies, etc. have a very promising aspect. 

Among these strategies, in the realm of low power requirement devices, omnipresent 

energy endeavors like human daily life movements, heartbeat, vibrations, and ocean 

waves can give us a major solution.  

1.2.1 Electromechanical energy harvesting 

If we talk about energy harvesting from mechanical energy resources, there are three 

major technologies, electromagnetic, piezoelectric, and electrostatic energy harvesting. 

Among them, electromagnetic induction is the process of harnessing energy by 

utilizing a coil or wire to collect power from fluctuating magnetic fields generated by 

mechanical movement. As the coil interacts with the magnetic field through motion, it 

generates an electric current [27–29]. Examples are bicycle dynamos, hand-crank 

flashlights, etc. Piezoelectric materials generate electrical voltage when subjected to 

mechanical stress or deformation. This technology is commonly used in applications 

where vibrations, impacts, or mechanical motion are available sources of energy[30–

42]. Electrostatics is used in the energy harvesting strategy, called triboelectric energy 

harvesting. It is mainly used in energy harvesting, and several smart sensor application 

purposes [10–13,15,21,43–46]. Considering the fruitful aspects of energy generation 

capabilities of energy harvesters, researchers around the world are working on the 

progress of this technology. Keeping in mind this technological prospect, our 

dissertation will mainly deal with this energy harvesting as well as some smart sensing 

applications. Here, we will only focus on piezoelectric and triboelectric energy 

harvesting technologies due to their operational similarities and fundamental 

mechanisms [47–53].  
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1.2.1.1 Piezoelectric energy harvesting 

 Since this dissertation deals with hybrid energy harvesting where piezoelectricity as 

well as triboelectricity are hybridized, the basic mechanism, and fabrication of 

piezoelectric energy harvesting technologies are included in this section. Piezoelectric 

energy harvesting is focussed on piezoelectricity where piezoelectric materials owing 

to their non-centrosymmetric crystal structure generate electricity on the application 

of mechanical stimuli. So, for piezoelectric energy harvesting, the material should be 

only piezoelectric materials. In the next portion, we will discuss on the piezoelectricity. 

1.2.1.1.1 What is piezoelectricity? 

The Piezoelectric Effect is the property of certain materials to produce an electric 

charge when subjected to mechanical stress. The term "Piezoelectric" is derived from 

the Greek words "piezein," meaning "to squeeze or press," and "piezo," meaning 

"push"[54]. An interesting feature of the Piezoelectric Effect is its reversibility. This 

means that materials that exhibit the direct Piezoelectric Effect (generating electricity 

under mechanical stress) also demonstrate the converse Piezoelectric Effect 

(producing stress when an electric field is applied). When a piezoelectric material is 

subjected to mechanical stress, it causes a repositioning of the positive and negative 

charge centers within the material, resulting in the creation of an external electrical 

field. Conversely, when an external electrical field is applied, it either stretches or 

compresses the piezoelectric material. The first one is called the direct piezoelectric 

effect whereas the second one is called the converse piezoelectric effect. This effect 

occurs due to the linear interaction between the mechanical and electrical properties 

in crystalline materials that lack inversion symmetry[55,56]. The constant governing 

this linearly proportional relationship is known as the piezoelectric coefficient, 

denoted as "d." This coefficient is a third-rank tensor that connects a first-rank tensor 

or vector (representing electric displacement or field) with a second-rank tensor 

(representing stress or strain). Consequently, the piezoelectric equations can be 

expressed as follows 

Dk = dkijTij      (1.1) 

                       Sij = dkij∗Ek                  (1.2) 

 (where "i," "j," and "k" represent indices from 1 to 3) [22]: 



Chapter 1 

5 

Dk represents electric displacement (C/m2). 

Ek represents the electric field component (V/m). 

Sij represents strain components. 

Tij stands for stress components (N/m2). 

dkij or dkij* denotes components of the piezoelectric charge or strain constant. 

It's worth noting that the subscripts used for piezoelectric constants are commonly 

represented using the reduced Voigt matrix notation "dkm," where "k" signifies the 

component of electric displacement D or electric field E in the Cartesian reference 

frame (x1, x2, x3). The index "m," ranging from 1 to 6, is utilized to describe mechanical 

stress or strain. Specifically, m = 1, 2, and 3 correspond to the normal stresses along 

the x1, x2, and x3 axes, while m = 4, 5, and 6 correspond to the shear stresses T23, T13, 

and T12, respectively. Both "d" and "d*" are referred to as the piezoelectric constant or 

coefficient, although they have distinct units: "pC/N" and "pm/V" (here, "p" signifies 

pico, 10-12), respectively[55,56]. 

Many advanced piezoelectric materials exhibit ferroelectric properties wherein these 

materials possess a natural electric polarization that can be altered by applying an 

external electric field. As depicted in Fig. 1.1, it's important to note that dielectrics 

encompass a broad group of materials. Dielectric materials are essentially electrical 

insulators that can become polarized when subjected to an external electric field, 

particularly when placed between the plates of a capacitor. Piezoelectric materials are 

a subgroup of dielectrics, but they exhibit a unique property: when stress is applied to 

a piezoelectric crystal with a non-centrosymmetric crystal structure, it results in a 

separation of positive and negative charges. Pyroelectric materials are distinct in that 

they can generate a temporary voltage when subjected to temperature changes. This 

occurs because the magnitude of polarization in a pyroelectric crystal can be altered 

by variations in temperature. In contrast, for piezoelectric crystals, it is mechanical 

stimulation that leads to changes in polarization, resulting in the accumulation of 

charges on their surfaces. Ferroelectric materials represent a subset of pyroelectric 

materials. Every ferroelectric material is also a pyroelectric material, and every 

pyroelectric material is piezoelectric. However, not all piezoelectric materials are 

pyroelectric, and not all pyroelectric materials are ferroelectric. The categorization of 
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these materials is determined by the symmetry of their crystal structures. All 

crystalline substances fall into one of the 32 crystallographic point groups. Out of the 

thirty-two potential crystal classes, twenty-one lack a center of symmetry, and among 

these, twenty crystal classes demonstrate direct piezoelectric properties. Materials 

with these crystal structures can generate surface charges when mechanical stress is 

applied to them. The single non-centrosymmetric crystal class that doesn't exhibit 

piezoelectricity falls under the cubic crystal class 432. Among these twenty non-

centrosymmetric crystal classes with piezoelectric properties, ten are considered polar  

 

Fig. 1.1 Mapping among ferroelectric, pyroelectric, piezoelectric, and dielectric 

materials. 

classes because they possess inherent polarization even in the absence of applied 

mechanical stress, which arises from a non-zero electric dipole moment within the unit 

cell of their structures. Materials belonging to these ten crystal classes with 

spontaneous polarization (non-zero dipole moments) can have their polarization 

altered by changes in temperature, making them part of the pyroelectric group. If the 

dipole moments of materials in these ten polar crystal structures can be reversed by 

the application of an external electric field, they are classified as ferroelectric materials. 

In the case of polar piezoelectric crystals, which inherently possess a non-zero dipole 

moment without the need for applied mechanical stress, the piezoelectric effect occurs 

through changes in the magnitude and/or direction of the dipole density. Conversely, 

non-polar piezoelectric crystals do not exhibit a non-zero dipole moment without 
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external stimuli. In these non-polar crystals, any polarization other than zero is 

induced by the application of an external mechanical load. It can be understood that 

externally applied mechanical stress essentially transforms the material from a non-

polar crystal class (with a zero net dipole density) into a polar one, resulting in a non-

zero net dipole density [54–58] 

Hence, researchers primarily focus on materials that exhibit piezoelectric properties 

as these materials are well-suited for generating power from ambient mechanical 

vibrations.  

1.2.1.1.2 Piezoelectric materials 

Piezoelectric materials are suitable for energy harvesting, some common ones include 

quartz, barium titanate (BT), lead titanate (PT), cadmium sulfide (CdS), lead zirconate 

titanate (PZT), lead lanthanum zirconate titanate (PLZT), poly(vinylidene) fluoride 

(PVDF). Among these, BT was the first discovered, and PZT is frequently employed for 

piezoelectric energy harvesting. Although piezoelectric ceramics have superior 

electromechanical properties compared to piezoelectric polymers, they are inherently 

brittle. Nevertheless, the modern world demands materials that are flexible, 

lightweight, and low in toxicity. These piezoelectric materials can be categorized into 

two groups: natural and artificial, as depicted in Table 1.1. 

Table 1.1 Various types of piezoelectric materials 

Natural Manmade/artificial 

Pb-based Pb-free 

Quartz Lead Titanate (PT) Barium Titanate (BaTiO3) 

Sucrose Zinc Oxide (ZnO) 

Rochelle Salt Lead Zirconate Titanate 

(PZT) 

Barium Calcium Titanate – 

Barium Zirconium Titanate 

(BCT-BZT) 

Tendon Bismuth Ferrite (BiFeO3) 

Silk Lead Lanthanum Zirconate 

Titanate (PLZT) 

Bismuth Sodium Titanate 

(BNT) 

Zinc Stannate (ZnSnO3) 

DNA Lead Magnesium Niobium 

Oxide- Lead Titanate (PMN-

PT) 

Lithium Niobate (LiNbO3) 

Dry bone Aluminium Nitrate (AlN) 

Polyvinylidene Fluoride (PVDF) 
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1.2.1.1.3 Mechanism of piezoelectric energy harvesting  

Now, for the fabrication of piezoelectric energy harvesters, piezoelectric materials 

should be sandwiched between two electrodes. On the application of stress upon the 

device, piezoelectric dipoles will try to align along the direction of the applied force. 

Simultaneously there will be a piezoelectric charge induction at the two electrodes. 

Now to balance this charge electrons will move from one electrode to the other through 

the external circuit connection. However, on the force removal step, the electrons will 

move in the reverse direction. This periodic force application and removal lead to the 

piezoelectric energy generation[31–33,39,40,57]. The mechanism is depicted in                  

Fig. 1.2.  

 

Fig. 1.2 Mechanism of piezoelectric energy harvesting 

1.2.1.2 Triboelectric energy harvesting 

1.2.1.2.1 What is triboelectricity? 

Several years ago, researchers were drawn to the intriguing phenomenon known as the 

triboelectric effect, in which the mechanical friction between two objects in motion 
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generates electricity [59,60]. This effect has been recognized for quite some time and 

was originally thought to be solely electrostatic [59–61]. Although triboelectricity has 

been observed for a long time, it was previously considered a nuisance, leading to 

extensive efforts to mitigate it, such as in the context of powder and recycled material 

handling [60]. Recently triboelectricity has been used for self-powering a wide range 

of highly advanced devices. The Triboelectric Nanogenerator (TENG) was initially 

developed by Wang and his colleagues in 2012 to transform disorganized, and unused 

low-frequency energy into electrical power[62]. TENG operates by harnessing the 

interaction between contact electrification (CE) and electrostatic induction, offering 

several benefits, such as affordability, easy manufacturing, a wide array of material 

options, and a wide range of potential applications. In essence, TENG is a discipline 

that leverages Maxwell's displacement current as the driving mechanism to efficiently 

convert mechanical energy into electric power or signals[60–64]. By physically 

contacting two dissimilar materials, electrostatic charges are generated on their 

surfaces. When these materials are mechanically separated, the resulting triboelectric 

charges can lead to a potential drop. This potential difference can, in turn, induce the 

movement of electrons between electrodes located on the top and bottom surfaces of 

the two materials. There are four fundamental modes of triboelectric energy 

harvesting named the (1) Vertical Contact Separation Mode, (2) Lateral Sliding Mode, 

(3) Single Electron Mode, (4) Freestanding Tribo-Electric Layer Mode. 
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Fig. 1.3 The 4 basic Modes of Triboelectric Nanogenerators: (a) vertical contact 

separation mode (b) contact-sliding mode; (c) single electrode mode and (d) free-

standing triboelectric-layer mode [65].  

a. Vertical contact separation mode 

The original operational mode for Triboelectric Nanogenerators (TENGs) was the 

vertical contact-separation mode [61,66]. In this mode, when two dielectric films with 

differing electron affinities (minimum one layer should be dielectric) physically 

contact each other, they become oppositely charged on their surfaces. As the two 

surfaces are separated by a gap, electrodes on the top and bottom of the films generate 

a potential difference. When these two electrodes are connected by an electrical load, 

electrons from one electrode flow to the other to equalize the electrostatic field. When 

the gap is closed again, the potential difference created by the triboelectric charges 

disappears, causing the induced electrons to return. Repeated contact and separation 

of the two materials cause induced electrons to oscillate between the two electrodes, 

generating an alternating current (AC) output in the external circuit. The vertical 
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contact-separation mode has been widely employed for energy harvesting from diverse 

sources, including finger typing, human walking, and biomedical systems [67–71]. 

Additionally, it has been adapted for the development of self-powered sensor systems, 

encompassing magnetic sensors, pressure sensors, vibration sensors, catechin 

detection sensors, and acoustic sensors [72–76]. 

b. Lateral sliding mode 

The lateral sliding mode of the Triboelectric Nanogenerator (TENG) involves 

producing electricity through the triboelectric effect by moving two materials 

horizontally relative to each other. This is in contrast to the vertical contact-separation 

mode, where the materials touch and then separate. In the lateral sliding TENG, as the 

materials slide horizontally against each other, the friction generates charges, 

resulting in the production of electrical power. It has applications in velocity sensors, 

motion sensors, etc [59,61,66] 

c. Single electrode mode 

The vertical contact-separation mode and in-plane sliding mode of triboelectric 

nanogenerators both require the moving objects to be connected to an electrode and a 

lead wire. This configuration significantly restricts the versatility and potential 

applications of TENGs for harnessing energy from any freely moving object, as the 

object must be linked to the entire system through an interconnect. To address this 

issue, a solution was devised in the form of the single electrode mode TENG. With its 

distinctive capability, the single electrode mode has been employed for energy 

harvesting from various sources such as airflow, rotating tires, raindrops, and turning 

book pages [77–80].  

d. Freestanding triboelectric layer mode 

The freestanding tribo layer mode is a configuration within a Triboelectric 

Nanogenerator (TENG) where the triboelectric layer is not affixed to any substrate or 

supporting structure. Instead, this layer is self-supporting, enabling it to move or 

deform independently in response to mechanical stimuli like vibrations, pressure, or 

airflow [81–83]. By coming into contact or undergoing relative motion with another 

material, the freestanding tribo layer generates electricity, creating a potential 

difference that can be utilized for energy harvesting. This is different from the in-plane 
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sliding mode, which can lead to material wear and the generation of heat when 

continuously operating for an extended period. 

1.2.1.2.2 Triboelectric materials 

Table 1.2 Materials in triboelectric series 

 

Now the output generated from a triboelectric energy harvester (TEH) device depends 

on the two triboelectric layers. That’s why material choice play a vital significance in 

the fabrication of TEH device [84]. The primary choice for the two materials is that 

one material should be characterized by a high positive surface charge density and the 

counterpart should have with high negative surface charge density. Table 1.2 displays 

the various triboelectric materials in a comprehensive order of their surface charge 

density [85]. The table describes that if we move from the bottom towards the upper 
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side in the left column the surface charge density gets higher. Similarly in the right 

column if we move from up to the lower side, negative surface charge density increases. 

1.2.1.2.3 Theory of triboelectric energy harvesting 

The driving force behind Triboelectric energy harvesters (TEHs) is Maxwell's 

displacement current, which results from the time-varying electric field and a 

polarization term associated with the medium. In the case of TEHs, triboelectric 

charges are generated on surfaces due to the contact electrification between two 

different materials. To incorporate the influence of contact electrification-induced 

electrostatic charges into Maxwell's equations, an additional term, denoted as Ps, was 

introduced into the displacement vector D by Wang in 2017 [86], represented as 

𝐷 = 𝜖0𝐸 + 𝑃 + 𝑃𝑠   (1.3) 

Here, the initial polarization vector P arises from the influence of an external electric 

field, while the additional term Ps primarily stems from the presence of surface charges 

that are not dependent on the existence of an electric field. By substituting Equation 

(1.3) into Maxwell's equations and defining 

𝐷′ = 𝜖0𝐸 + 𝑃    (1.4) 

 Now the reconstructed Maxwell equation will be  

𝛻 ⋅ 𝐷′ = 𝜌′    (1.5) 

𝛻 ⋅ 𝐵 = 0    (1.6) 

𝛻 × 𝐸 = −
𝜕𝐵

𝜕𝑡
    (1.7) 

𝛻 × 𝐻 = 𝐽′ +
𝜕𝐷′

𝜕𝑡
   (1.8) 

Where volume charge density  𝜌′ = 𝜌 − 𝛻 ⋅ 𝑃s   (1.9) 

and current density    𝐽′ = 𝐽 +
𝜕𝑃𝑠

𝜕𝑡
    (1.10) 

In Equation (1.10), the component that influences the output current of the TEH is 

associated with the driving force denoted as 
𝜕𝑃𝑠

𝜕𝑡
, and this element is commonly referred 

to as the "Wang term" in displacement current. 
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In Equation (1.8), the displacement is composed of two components. The term, 
𝜕𝐷′

𝜕𝑡
, 

represents the displacement current arising from the time-varying electric field and 

the medium polarization induced by the electric field. This component can give rise to 

a corresponding magnetic field and is the fundamental origin of electromagnetic waves, 

a concept first introduced by Maxwell. The term, 
𝜕𝑃𝑠

𝜕𝑡
, accounts for the displacement 

current that results from factors unrelated to electric fields, primarily originating from 

external strain fields. At high frequencies, particularly in wireless communication, the 

first term dominates and is responsible for the generation of electromagnetic waves. 

On the other hand, the second term operates at lower frequency conditions, making it 

major in energy harvesting[86].  

Over the past decade, research on TEH has increased very fast due to its wide material 

choice, easy fabrication, and above all its applications in self-powered sensors. Though 

the power generation capability of TEH devices is much higher than the PEH devices, 

applications of this device as a power source that can reduce the hazardous 

implications of battery-based devices are still lacking owing to its low output power, 

packaging issues, stability factors, etc. Due to these reasons, several approaches like 

material optimization, device structure manipulation, etc are being implemented to 

augment the power density from nW/cm2 to µW/cm2 and to reach the mW/cm2 range. 

Among these strategies, synergistic enhancement of PEH and TEH devices through 

hybridization gained a prior node from worldwide researchers[47,49–53]. Here, the 

dissertation deals with the piezoelectric-assisted triboelectric hybrid energy harvester. 

1.2.1.3 Hybrid energy harvesting 

1.2.1.3.1 Hybridization 

Of late, combining piezoelectricity with triboelectricity in a single device takes a major 

boost since the deformation of a material and contact friction can take place 

simultaneously which is the backbone of their strategy respectively. Now as far as 

hybrid energy harvesting (HEH) is concerned, there are two types of hybridization one 

is external hybridization whereas the other one is internal hybridization. In the context 

of external hybridization, these two types of devices are linked in a manner where they 

function independently but collectively contribute to the total electrical power output. 

Nevertheless, the design of hybrid energy harvesters with this approach leads to the 
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creation of large-sized devices with impedance contrast between the two distinct 

components, PEH and TEH. To address these shortcomings, the present research 

leverages internal hybridization to create the final hybrid energy harvesting device. In 

this hybridization approach, a single functional layer is harnessed, exhibiting 

characteristics associated with both piezoelectric and triboelectric effects. Because of 

its straightforward manufacturing process and simple circuit connections, the 

construction of hybrid energy harvester (HEH) devices using a single piezo-tribo 

hybrid functional layer is widely favored [16,17,26,87,88].  

1.2.1.3.2 Materials selection 

As we have previously mentioned for internal HEH devices material should be such 

that it possesses piezoelectric as well as triboelectric properties. In that regard as a 

triboelectric layer, polymer materials are the premier choices due to their electron-

donating characteristics. In the realm of flexible energy storage and energy harvesting 

applications, Poly(vinylidene fluoride) (PVDF) stands out as the predominant polymer 

material among several others, such as its co-polymers, Polyvinyl chloride (PVC), and 

Polyamide (Nylon-11) [89,90]. This is primarily attributed to PVDF's extensive 

popularity owing to its exceptional characteristics, including remarkable flexibility, 

high electric breakdown strength, favorable ferroelectric, and piezoelectric properties, 

as well as its cost-effectiveness when compared to alternative piezoelectric polymers  

[15,87,91]. Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer with five 

distinct crystalline phases, namely α, β, γ, δ, and ε. Typically, PVDF tends to crystallize 

in the non-polar α phase when subjected to standard room temperature and pressure 

conditions. In terms of molecular conformation, the α phase features the helical TGTG ́ 

(T- trans, G- gauche+, G ́-gauche) structure, while the β phase consists of an all-trans 

(TTT) conformation, and the γ phase is characterized by T3GT3G' conformations. 

When PVDF polymer chains are organized into crystalline lattices, a net dipole 

moment is created in the β, γ, and δ phases, endowing them with polar properties. In 

contrast, the α phase lacks a net dipole moment and is considered non-polar. Among 

these polar phases, the β phase exhibits the highest spontaneous polarization per unit 

cell, making it particularly well-suited for displaying superior piezoelectric and 

ferroelectric properties. However, to construct efficient energy-harvesting devices 

using PVDF-based polymers, it becomes mandatory to induce a transformation from 

the non-polar α phase to the polar β phase. Consequently, various strategies have been 
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utilized to achieve this transition, such as electrospinning, the application of a strong 

electric field (poling), and the integration of piezoelectric materials [87,92]. Among 

these approaches, the incorporation of ceramic piezoelectric materials has emerged as 

a particularly viable solution, owing to its ease of processing and cost-effectiveness 

[61]. Consequently, various ceramic materials such as BaTiO3 [87], BiFeO3 [93], ZnO 

[94], Cs3Bi2Br9 [16], ZnSnO3 [95], etc. are incorporated in PVDF. As dielectric 

permittivity and surface charge play the leading role in hybrid energy harvesting, so to 

enhance these characteristics is our first aim. Using the ceramic incorporation 

different PVDF-based composites were used to fabricate different energy-harvesting 

devices. Xiang et al developed a piezoelectric triboelectric nanogenerator (PTENG) 

that utilized a polyvinylidene fluoride (PVDF) film doped with 10% of barium titanate 

nanoparticles, along with polyamide 6 (PA6) as the functional layers [96]. This 

modification had a significant impact on the device's performance. The introduction 

of BaTiO3 nanoparticles led to the following improvements: the peak voltage generated 

by the PTENG increased substantially, rising from 384 V to a value of 900 V and the 

charge density also saw a notable increase, climbing from 26.4 mC/cm² to 34.4 

mC/cm². These enhancements in peak voltage and charge density are indicative of the 

improved performance and efficiency of the PTENG, which can have applications in 

energy harvesting and other areas where piezoelectric effects are utilized.  

Again, according to the triboelectric series [84,85] Polydimethylsiloxane (PDMS) is 

also a well known negative triboelectric polymer material that has gained tremendous 

applications due to its flexibility, elasticity, biocompatibility, and its optical 

transparency. Though this material has no piezoelectricity, owing to its high negative 

surface charge density, it is one of the vastly used triboelectric materials. In some 

instances, pristine materials are not able to achieve the desired level of performance. 

To enhance electronic properties, such as piezoelectric and dielectric attributes, in the 

context of advancing flexible electronics, composite designs featuring functional 

nano/micro-fillers are employed. Yang and Daoud conducted research in which they 

directly grew zinc oxide (ZnO) nanorod arrays on a PDMS/PVDF composite film to 

enhance its performance [97] Before the growth of ZnO nanorods, they exposed the 

substrate to ultraviolet (UV) treatment to improve its hydrophilicity. The process 

involved spin-coating a ZnO seed solution onto the prepared substrate, followed by the 

hydrothermal growth of ZnO nanorods. A comparison of the open-circuit voltage 
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between the devices with and without ZnO nanorod arrays revealed a substantial 

increase of 21.8 V. This outcome verifies the beneficial role played by the interfacial 

ZnO nanorod array in enhancing the output performance of the piezoelectric 

triboelectric nanogenerator. This improvement is attributed to the expanded effective 

contact area and the enhanced contact electrification charges facilitated by the 

presence of the ZnO nanorod array. These findings hold promise for the effective 

harnessing of mechanical energy using hybrid devices. To enhance the dielectric 

properties of a material, colossal dielectric Bi4Ti3O12 particles were incorporated into 

the PDMS matrix [17]. This modification resulted in a substantial increase in the 

material's dielectric constant. The hybrid nanogenerator, which combined the poled 

PDMS composite with aluminium, exhibited significant improvements in both voltage 

and current signals delivered compared to individual piezoelectric nanogenerator 

(PENG) and triboelectric nanogenerator (TENG) devices. This illustrates the 

effectiveness of modifying natural materials to create a highly efficient nanogenerator 

for energy harvesting applications.  In a study by Jirayupat et al [98], they 

incorporated zinc oxide nanowires (ZnO NWs) into a TENG structure consisting of 

Au/PDMS/Au-Al. Since ZnO NWs exhibit piezoelectric properties, the combined 

device demonstrated a significant enhancement in its output performance. Specifically, 

the output voltage and current of the hybrid device improved by approximately a factor 

of two when compared to a TENG based solely on pure PDMS. Again, Patnam et al 

demonstrated that Ca and Zr doped BaTiO3 incorporation inside PDMS augmented 

the output generation capability of the hybrid device from an output voltage of 295 V 

to 550 V and output current from 16 µA to 34 µA [52]. Whereas the generated 

maximum output power density was reached to a value of 23.6 W/m2 due to the filler 

loading. Therefore, from the above discussion, we can confirm the positive prospect of 

output augmentation for a hybrid energy harvester through piezoelectric filler loading 

inside the triboelectric layer.  

Table 1.3 Summary of some recently reported hybrid energy harvesters 

Triboelectric 

material 

Piezoelectric 

material 

Output 

voltag

e 

Output 

current 

Output 

power 

ref 

PDMS  BaTiO3 

nanoparticles 

280 V 5.6 µA 0.04 

mW/cm2 

[53] 
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Triboelectric 

material 

Piezoelectric 

material 

Output 

voltag

e 

Output 

current 

Output 

power 

ref 

PDMS Ca and Zr doped 

BaTiO3  

550 V 34 µA 23.6 

W/m2 

[52] 

Chitosan and PTFE  BaTiO3 nanorods 

and Chitosan 

247.2 V 36.7 

µA/cm2 

1.568 

mW/cm2 

[50] 

PDMS, MWCNT, ZnO 

nanoflower 

ZnO nanoflower 400 V 30 µA  [51] 

Ni/Cu coated PET 

fabric and PVDF  

PVDF 210 V 45 µA 2.1 mW [99] 

Textured PDMS and 

human skin 

PVDF 750 V 400 µA 3.7 W/m2 [100] 

PVDF TrFE and 

Polyamide 6 

Poled PVDF TrFE  1100 V 32 µA 5.2 W/m2 [101] 

PTFE PVDF 220 V 60 µA 1.7 mW [102] 

PDMS and nitrile 

baffle 

PVDF 138 V  878 

mW/m3 

[103] 

PTFE Poled PVDF TrFE 210 V 395 µA 6 

mW/cm2 

[49] 

Silicone rubber PZT 15 V 2 µA 80 µW [104] 

Poled PVDF Poled PVDF 180 V 5.3 µA 127 µW [47] 

PDMS Poled PVDF 5.2 V 500 nA  [105] 

PDMS and nylon ZnO nanorod  280 nA  [106] 

FEP Piezoelectric fiber 

sheet 

210 V  238 µW [107] 

PVA/PVDF nanofiber, 

PDMS and nylon 

PVDF 220 V 1.1 µA 80 

mW/m2 

[48] 

FEP and nylon Poled BaTiO3 6 V 1.5 µA 11 nW [108] 

Cs3Bi2Br9/PVDF-

HFP/SEBS 

Cs3Bi2Br9/PVDF-

HFP 

400V 1.63 

µA/cm2 

2.34 

W/m2 

[16] 

Nafion functionalized 

BaTiO3/PVDF 

Nafion 

functionalized 

BaTiO3 

307 V 1.8 

µA/cm2 

1.12 

mW/cm2 

[15] 

Mxene/PVDF TrFE 

and nylon-11 

Mxene/PVDF-

TrFE 

270 V 140 

mA/cm

2 

4.02 

W/m2 

[109] 
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Triboelectric 

material 

Piezoelectric 

material 

Output 

voltag

e 

Output 

current 

Output 

power 

ref 

PVDF HFP, silicone 

rubber 

Ca and Zr doped 

BaTiO3 

34 V  1.12 

mA/m2 

167.7 

mW/m2 

[87] 

PVDF KNN with 

MWCNT 

54.1 29.4 µA 164.74 

µw/cm2 

[110] 

PDMS BaTiO3 72.2 1.82 µA 5.5 

µW/cm2 

[111] 

PDMS Al-doped BaTiO3 580 V 44 µA 28.1 

W/m2 

[112] 

PDMS BaTiO3, 

MWCNT/PVDF 

19.26 V 0.84 

mA/cm

2 

4.61 

mW/cm2 

[113] 

PDMS Bi4Ti3O12 300 V 4.7 µA  [17] 

PANI/PVDF-TrFE PVDF-TrFE 246 V 122 µA  6.69 

W/m2 

[114] 

PDMS LiNbO3 600 V 50 µA 25 W/m2 [115] 

PVDF Silk 500 V 12 µA 0.31 

mW/cm2 

[116] 

PDMS Ca and Zr doped 

BaTiO3 

127 V 67.1 

mA/m2 

7.5 W/m2 [117] 

 

BaTiO3/MWCNT/PVD

F 

BaTiO3 48.46 V 1.22 

mA/m2 

29.27 

mW/m2 

[118] 

PDMS ZnO nanoflakes 470 V 60 µA 

/cm2 

28.2 

mW/cm2 

[119] 

PDMS and PTFE Li doped ZnO, 

MWCNT 

60.1 V 75 µA  [120] 

Table 1.3 depicts several recently reported piezoelectric-assisted triboelectric hybrid 

energy harvester devices. From that table, it can be confirmed that as far as the 

triboelectric materials are concerned, PVDF, PDMS, and PTFE are the prior choices, 

and for ceramic inclusion, piezoelectric materials are favored.  

1.2.1.3.3 Mechanism 

If we discuss the structure of the device, it has the same device structure of a vertical 

contact separation-based triboelectric energy device. But here the only disparity is that 

one of the triboelectric layers must be a piezoelectric material [17].  
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Fig. 1.4 Mechanism of hybrid energy harvesting 

Now, the probable working mechanism of the HEH based on the combined effect of 

the piezoelectric and triboelectric phenomenon of the composite film is schematically 

illustrated in Fig. 1.4. As shown in Fig. 1.4, there is a separation between the composite 

film and Al electrode inside the device. Here, the Al attached to the PET sheet acts as 

the top electrode whereas the composite/Al/PET acts as the bottom part of the device. 

The Al electrode acts as the positive and the composite acts as the negative triboelectric 

layer of the device. The entire mechanism can be divided into the following steps.  

Step-I, initially, without the application of any pressure from outside there is no charge 

on the electrodes, no potential difference exists between them and the output voltage 

is zero.  

Step-II, on the application of external pressure, both the top and bottom parts of the 

device will touch each other which leads to the generation of an equal and opposite 

number of charges depending upon their respective affinity. Based on the triboelectric 

series Al will get a positive triboelectric charge and the composite gets a negative 

triboelectric charge.  

Step-III, in addition to the above triboelectrification process, due to the application of 

external pressure the inherent dipoles inside the composite will try to marshal 

themselves along the direction of pressure under stress-induced polarization. This 

leads to the induction of charges in the upper and bottom electrodes of the device due 
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to piezoelectricity. That is why electrons will move from the upper electrode to the 

lower electrode and consequently, there will be piezoelectric current (Ip).  

Step-IV, upon releasing the applied stress, first, the applied pressure on the device will 

release, this will result in the re-orientations of the arranged dipoles in their original 

orientation, resulting in Ip in the opposite direction. 

Step-V, now with further releasing of the pressure, to maintain electric equilibrium 

electrons will flow from the bottom to the upper electrode. Simultaneously there will 

be the generation of It in the opposite direction. 

Step-VI, the composite layer and upper electrode will reach their stable position 

resulting in no movements of electrons.  

Step-VII, because of the applied pressure there is a breakage in the equilibrium 

condition which in turn results in a triboelectric current in the opposite direction to 

the previous from the bottom electrode to the upper electrode through the load. The 

output generation through the HEH device consists of these stages and the periodic 

application of pressure and releasing it will generate alternating output which can be 

detected at the outer load circuit [16,26]. In this entire procedure, the coupling of 

piezoelectric as well as triboelectric effect will occur which leads to the synergetic 

output voltage of HEH. In this context, it should be highlighted that the alignment of 

the dipoles of the composite film under applied pressure was considerably augmented 

by the presence of triboelectric charges which further enhances the dipolar 

polarization and accumulation of more and more negative surface charges on the 

surface of the composite film. As a result, the final output voltage of the typical HEH 

device is enhanced. 

1.2.1.3.4 Materials Selected 

Here as we have mainly focussed on flexible piezoelectric triboelectric hybrid energy 

harvester, we have excluded the use of PTFE as a functional layer due to its low 

mechanical strength. As a functional matrix, we have opted for PVDF and PDMS based 

composite films. For choosing the filler material we went through several viewpoints. 

a. As the dissertation deals with the piezoelectric assisted triboelectric hybrid 

energy harvester, the filler material should have a high piezoelectricity. This 

inherent piezoelectricity will simultaneously augment the piezoelectricity of the 
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PVDF and PDMS based composite films. In that regard, PbZrTiO3 (PZT), 

BaTiO3, BiFeO3, LiNbO3, ZnO are the primary choices.  

b. The next consideration is to assess the biocompatibility of the selected material. 

Though in the present scenario, PZT is characterized as the front runner as far 

as the piezoelectricity is concerned, we have kept out PZT due to its lead toxicity. 

c. The next attribute that should be noticed is the relative permittivity of the filler 

material. As polymer materials are trademarked materials with low relative 

permittivity, we must choose ceramic materials consisting of high relative 

permittivity which will help in higher charge storing. That is why ZnO, LiNbO3, 

and BiFeO3 are eliminated due to their low dielectric permittivity. 

Therefore, the material that fulfills these requirements is the BaTiO3. Due to its 

perovskite structure, BaTiO3 has charge defects that act as the charge storing centers. 

Due to these superiorities, BaTiO3 is used explicitly in hybrid energy harvesting 

applications. Though pristine BaTiO3 is used in vast energy harvesting applications, 

its most promising aspect is its modifiable nature. The perovskite lattice structure of 

BaTiO3 allows for the intentional incorporation of various dopant ions, having 

excellent capability to accommodate ions of different sizes, creating significant 

opportunities for modification [121]. Though there are various dopant ions that can be 

implanted in BaTiO3 lattice, here in the present dissertation work we have chosen Sr2+ 

doped BaTiO3 due to its robust non-linear dielectric permittivity, small dielectric loss 

tangent, highly tunable, and sensible thermal stability of dielectric permittivity which 

are very useful during the development of tunable microwave devices [122,123]. 

Moreover, the structural properties of BaTiO3 strongly depend on the concentration of 

Sr2+ ion doping in the Ba2+ site which in turn greatly affects its electrical properties 

[124,125]. While there has been some previous investigation into Sr2+-doped BaTiO3, 

there remains a requirement for a comprehensive analysis and the identification of 

connections among its various characteristics. This motivates us to use Ba0.6Sr0.4TiO3 

(BST40) (which is optimized) as a filler in PVDF for energy harvesting applications. In 

the context of energy harvesting, the BST40/PVDF composite film exhibited limited 

potential, primarily stemming from the constraints associated with the 

centrosymmetric crystal structure of BST40. To overcome the limitation arising from 

the centrosymmetric crystal structure of BST40, (Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 (BCHT) 

was introduced. Though BaTiO3 is a very widely used filler material as far as hybrid 
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energy harvesting is concerned, the use of morphotropic phase boundary consisted 

filler materials is not much explored. Due to this multiple-phase coexistence, these 

materials show very high piezoelectricity. That’s why BCHT particles were synthesized. 

These BCHT particles exhibited a significantly high piezoelectric charge coefficient of 

333 pC/N and were incorporated as fillers to create flexible BCHT/PVDF composites. 

As far as our literature survey is concerned there is no report of using this material in 

hybrid energy harvesting applications. This strategic addition greatly bolstered the 

capabilities of piezoelectric energy harvesting, as the perovskite BCHT particles acted 

as nucleation centers, aligning the PVDF polymer chains in a trans conformation. 

Further, again to elaborate our material aspect we have introduced BaTi0.89Sn0.11O3 

(BTS) at the morphotropic phase boundary was prepared using a modified Pechini 

method. As a result of the presence of four different phases, BTS exhibited a 

piezoelectric charge coefficient (d33) of approximately 412 pC/N. In this instance, we 

have shifted our attention towards an alternative negative triboelectric polymer matrix, 

namely, PDMS, instead of PVDF.  

1.3 State of the art and scope of the thesis 

The advent of triboelectric nanogenerator technology (developed by the Wang group 

in 2012), in conjunction with the introduction of the PENG by the Wang research 

group in 2006, has been widely acknowledged as a revolutionary development in the 

domains of energy harvesting and sensing. Various research methods, including 

bibliometrics, patent analysis, and technology road-mapping, have been employed to 

investigate its trends, impacts, and strategies for achieving large-scale 

commercialization [126–128]. The results of these studies reveal that the progression 

of nanogenerator technology is becoming increasingly interdisciplinary, necessitating 

contributions not only from materials science and nanotechnology but also from areas 

such as computer science, information systems, and various other fields [126–128]. 

The recent state of the art can be summarized like that, 

a. New material search 

As the strategy of HEH devices is nearly the same as that of TEH devices, research on 

new innovative triboelectric material with higher surface charge density is going on.  
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b. Structure optimization  

Output enhancement through various structural modifications is a new trend of 

research in hybrid energy harvesting. The incorporation of various other energy 

harvesting technologies like solar energy is also in the development stage. 

c. Wearable and flexible energy harvesters 

Harvesting energy from various biomechanical sources research in the field of 

wearable and flexible energy harvesting has gained tremendous consideration. These 

gadgets can be incorporated into garments, footwear, and other wearable items to 

capture and store energy generated by the movement of the wearer. 

d. Self-powered sensor 

Hybrid energy harvesters have been incorporated into a range of sensors, including 

pressure sensors, strain sensors, environmental sensors, and writing pad sensors to 

facilitate self-sustained and wireless sensing systems. 

e. High voltage power source 

Due to the promise shown by hybrid energy harvesters in fruitfully generating high 

output voltage, research in this field is very much in progress. Research in wireless 

power transfer is gaining attention using this device.  

f. Applications 

HEH devices are under investigation for numerous applications, such as self-sustained 

electronic devices, distant monitoring systems, and IoT gadgets. They hold promise 

for supplying energy to low-power devices and sensors in remote or challenging-to-

access areas. 

Despite active research and the rapid development of HEH technology worldwide, it 

is in its infancy, and its widespread practical application requires further fundamental 

and technical advancements. One of the most critical parameters for energy harvesters, 

the output power density of TENG, is constrained by its intrinsic high-voltage and low-

current characteristics. Additionally, there are material-related challenges including 

flexibility, that need to be addressed. 
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During my doctoral research, full dedication was given for advancing high-

performance HEH technology and uncovering innovative applications. The ultimate 

aim is to offer accessible and cost-effective solutions to address the fundamental 

energy sustainability challenges in the era of the Internet of Things (IoT). The 

summary of the scope of the dissertation is 

a. Fabrication of flexible hybrid energy harvester device where the synergistic 

enhancement of piezoelectricity and triboelectricity take place. 

b. Inclusion of BaTiO3-based filler materials that have high piezoelectricity. 

c. Illustration of diverse applications in real-life scenarios like charging a 

capacitor, lighting LEDs, and powering up several low-powered electronic 

gadgets (i.e., digital watch, electronic calculator, digital screw gauge, digital 

hygrometer, etc.). 

d. Demonstration of biomechanical energy harvesting from several daily life 

human movements like walking, jogging, and jumping as well as wrist 

movement, finger movement, ankle movement, and elbow movements. 

e. Displaying of utilization of the HEH device in writing pad sensing which can 

differentiate letters written on it. 

f. Demonstration of using the device as a smart sensor for a smart parking system 

which can show the vacant or filled state of a parking slot in a parking area. 

g. Utilization of the fabricated device as a power source in a wireless power 

transfer system.  

As previously mentioned, the primary focus of this dissertation is confined to the 

enhancement of several electronic properties of filler materials. While there are 

significant opportunities for exploring the surface treatment of the filler material, it 

falls beyond the current scope of our dissertation. In the thesis work only the vertical 

contact separation strategy is used for hybrid energy harvester fabrication, the 

application of using other techniques is out of the current scope. For device fabrication 

structural modification of the polymer matrix has a prominent essence but it is beyond 

our current scope of thesis.  

1.4 Objective of the Dissertation 

 The thesis work is structured in such a way as to achieve the main intent which is to 

successfully hybridize the piezoelectric with triboelectric energy harvesting and 
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optimize the hybrid energy harvester device in utilizing it as a biomechanical energy 

harvester, smart switch to operate smart home appliances and smart parking sensor, 

biomechanical movement sensor, writing pad sensor, and a power source in wireless 

power transmission. Chapter 1 describes a brief introduction to piezoelectric energy 

harvesting, triboelectric energy harvesting, and hybridization of piezoelectricity with 

triboelectric energy harvester. Materials synthesis, composite film preparation, 

fabrication of the hybrid energy harvesting device, and its characterization techniques 

are described in Chapter 2. Ceramic Barium titanate (BaTiO3)-based filler material, 

mainly the Strontium doped BaTiO3 will be characterized in the next part (Chapter 3). 

After that, strontium-doped BaTiO3 will be used as a filler in PVDF for piezoelectric 

energy harvesting and mechanosensing (Chapter 4). In the next step a piezoelectric 

material, Calcium (Ca) and Hafnium (Hf) doped BaTiO3 is loaded inside PVDF to 

efficiently fabricate a piezo-tribo hybrid energy harvester for biomechanical 

movement sensing, and a wireless smart device application (Chapter 5). Chapter 6 of 

my thesis deals with the Tin doped BaTiO3 loaded PDMS composed hybrid energy 

harvester device for biomechanical energy harvesting, using it as a writing pad sensor, 

and utilizing the device as a power source for wireless power transmission. This thesis 

work in this way will open up a new window in the field of piezo-tribo hybrid energy 

harvesting with multifunctional solutions for biomechanical movement sensing and 

energy harvesting, writing pattern sensing, using the device as a power source in 

wireless power transmission, and employing the fabricated device in wireless smart 

home and smart parking sensor applications which will play a pivotal role in self-

powered electronics, robotics, real-time health-care monitoring, and artificial 

intelligence technologies.  

The arrangement of the thesis is as follows: 

Chapter 1: Introduction: short description of piezoelectric materials, piezoelectric 

energy harvester, triboelectric materials, triboelectric energy harvester, hybridization 

of piezoelectric with triboelectric energy harvester. 

Chapter 2: Synthesis of ceramic particles, preparation of composite films, fabrication 

of piezoelectric-triboelectric hybrid energy harvester, characterization techniques. 

Chapter 3: Sr2+ doped BaTiO3 incorporated PVDF: an efficient piezoelectric energy 

harvester and mechanosensor. 
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Chapter 4: Multiphase Coexisted Perovskite/PVDF-based Piezo-Tribo Hybrid 

Energy Harvester: A Wearable Flexi-Electronic for Real-Time Wireless Smart 

Applications. 

Chapter 5: Morphotropic Phase Boundary-Assisted Lead-Free BaTiO3/PDMS Based 

Hybrid Energy Harvester: A Portable Power Source for Wireless Power Transmission 

Chapter 6: Conclusion: Recap of the whole work and future perspectives. 
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Chapter 2 

Synthesis, device fabrication, and 
characterizations 

 

This chapter aims to describe the detailed experimental procedures for the 

synthesis of different Barium Titanate-based particles and PVDF/PDMS-based 

composites. The fabrication techniques of several PVDF/PDMS composite-based 

piezoelectric, triboelectric, and hybrid energy harvester devices have also been 

included in this chapter. In addition to that, this chapter also describes the different 

types of characterization methods/tools (with instrument specification) adopted for 

the fulfillment of the entire work. 

2.1. Synthesis of materials: 

Facile and reproducible synthesis procedures have been adopted to produce the 

required Barium Titanate (BaTiO3) based filler particles for PVDF and PDMS-based 

composites. Mainly, solid state and modified Pechini methods were employed in this 

work to synthesize Barium Titanate-based materials. The polymer composites were 

prepared using a simple mixing-solution casting-drying technique.  

2.1.1. Solid State method:  

A solid-state method is a synthesis procedure where reagent materials are 

mixed in a solid phase without the need for any solvents to produce the required 

product. The solid mixed oxide reaction method usually consists of the mixing of 

reagent oxides or carbonates using the ball milling method and calcination at high 

temperatures [1,2]. 

Advantages of the Solid-State Method:  

1. Purity and Homogeneity: This method usually involves working with 

crystalline or solid materials, which can lead to greater purity and homogeneity 

in the final product. This is especially beneficial where the properties of a 

material can be highly dependent on its purity and uniformity. 

2. Less Environmental Impact: Solid-state methods can result in reduced 

waste generation and the use of hazardous solvents, leading to smaller 

environmental damage. 
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3. Ease of handling: Solid materials are easier to handle than liquid solvent-

based reaction methods.  

4. Precursor Compatibility: Certain reactants or precursors might not be 

stable in solution, making solid-state methods the preferred choice. Solid-state 

reactions can allow the use of unstable compounds that would react 

prematurely in a liquid solvent. 

Due to these advantages, the solid-state reaction method is very often used in 

materials science. 

Ball Milling Procedure:  

Ball milling is a mechanical method extensively employed for grinding powders to 

achieve finer particles and for combining different materials. This procedure involves 

introducing powders into a container alongside small, rigid balls composed of 

materials like ceramics. The container and balls are set in rotation, generating a 

cascading motion where the balls collide with the powders during their movement. 

This collision results in the reduction of particle size and the amalgamation of the 

materials. 

 

Fig. 2.1 Image of the Ball Milling Unit. [Ref. 3] 

Synthesis of Ba(1-x)SrxTiO3 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) particles using 

Solid State Method:  

Analytical grade BaCO3 (Sigma Aldrich, purity ≥ 99%), SrCO3 (Fluka purity 98%), and 

TiO2 (Sigma Aldrich, purity 99%) were the initial raw materials for the synthesis of 

Barium Titanate and Barium Strontium Titanate. Acetone (Merck) was used as the 

liquid medium during solid-state mixing. During the fabrication of bulk pellets, 

Poly(vinyl alcohol) (PVA) (Sigma Aldrich) was used as a binder. 
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Fig. 2.2 shows the schematic of the synthesis procedure through the solid-state 

method. Conventional mixed oxide reaction technique was utilized to synthesize Ba(1-

x)SrxTiO3, where, x=0, 0.2, 0.4, 0.6, 0.8, 1 (henceforth indicated as BT, BST20, BST40, 

BST60, BST80, ST, respectively). In a typical synthesis procedure, the raw materials 

were first taken in stoichiometric proportion and mixed. The mixture was then ball 

milled (inside a Teflon bottle) in acetone medium (15 ml) for 24 h at 200 rpm using 

zirconia balls of different sizes. The resulting semi-liquid mixture was dried in an oven 

at 90ºC for 24 h. By varying the stoichiometric amount of the raw materials 

corresponding to the value of ‘x’, all the mixtures were prepared by following the same 

technique. Then the dried powders were calcined at 1200ºC for 8 h with a heating rate 

of 2ºC/min. For some specific characterizations, the calcined powders were then 

pelletized (diameter ~ 13 mm) by applying uniaxial pressure of ~ 5 ton/cm2. During 

the fabrication of pellets, a certain amount of PVA dissolved in water was used as the 

binder. These pellets were sintered at 1350ºC for 6 h (keeping the pellets on the 

calcined powder bed) with an intermediate temperature of 650ºC (for 2 h) to remove 

the binder from them. Resultant pellets were used for morphological and elemental 

investigations. To investigate the electrical characterizations, both flat sides of the 

pellets were electroded by standard silver paste. 

Fig. 2.2 Synthesis of Ba(1-x)SrxTiO3 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) particles using Solid 

State Method. 

2.1.2. Modified Pechini method:  

Sol-gel based synthesis routes are very well known and employed. In the sol-gel-based 

Pechini method, there is the formation of metal complexes and polymerization of 

organics. Then the polymeric resin is produced through polyesterification between 

metal complex, citric acid, and ethylene glycol. After calcination of this resin desired 

final product is produced [4,5]. The required calcination temperature to get the pure 

crystalline phase without any impurity ranges is below (<1000ºC) the required 
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temperature for the solid-state reaction method. In addition to that, the Pechini 

method holds certain advantages over other techniques are mentioned below 

Advantages: 

1. Excellent control over perovskite structures along with very homogeneous 

solutions even with multicomponent oxides comprising of higher number of 

cations. 

2. This method enables the synthesis of materials with complex compositions 

that may not be easily achievable through traditional methods. It allows for 

the incorporation of multiple metal ions with high precision. 

3. Compositional control is also a great merit of this synthesis technique.  

4. Calcination temperature lies in the moderate range below 1000ºC. 

Considering these preferable advantages BTS was synthesized using the Pechini 

method which resulted in high crystallinity without the presence of any secondary 

phases along with composition nearly in the required ratio. 

2.1.2.1 Synthesis of BaTi0.89Sn0.11O3 (BTS) and Ba0.85Ca0.15Ti0.90Hf0.10O3 
(BCHT) particles using Modified Pechini Method 

2.1.2.1.1 Synthesis of BTS using Modified Pechini Method 

Fig. 2.3 depicts the sequential synthesis procedure of BaTi0.89Sn0.11 O3 (BTS). Owing 

to the several advantages such as low calcination temperature and higher 

compositional control on perovskite structure modified Pechini method was utilized 

to synthesize BTS particles. In this synthesis procedure Barium Acetate 

(Ba(CH3COO)2, Sigma Aldrich (99%)), Tin Chloride Pentahydrate (SnCl4·5H2O; Sigma 

Aldrich (99%)), Titanium Isopropoxide (Ti{OCH(CH3)2}4); Sigma Aldrich (99%)) was 

used as the starting raw materials. At first two solutions of Barium Citrate and 

Titanium Citrate were produced using Citric Acid Monohydrate (C6H8O7·H2O; Merck 

99%) and Ethylene Glycol (C2H6O2; Merck 99%) solvent. The molar ratio of the Ba2+ 

/Ti4+: Citric Acid: Ethylene Glycol used to prepare the solution was 1:4:16. These two 

solutions were then mixed and a particular amount of SnCl4·5H2O was added to the 

solution under constant stirring (250 rpm). Thereafter temperature of the solution was 

increased from RT (25°C) to 220°C gradually. After the formation of the gel, it was 

transferred to an oven and kept at 250ºC for 4 h for drying. Formation of black solid 

observed due to resin decomposition when kept at 300°C inside a furnace for 16 h. 

After pestling the black solid into black powder using agate mortar it was transferred 
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to a programmable furnace for calcination at 950°C for 3 h. The synthesized powders 

were then grinded into fine powders using mortar and indexed as BTS. The obtained 

BTS particles were at first grinded using a mortar pestle. The powders were pelletized 

using a uniaxial pressure of ~3 ton/cm2 in a hydraulic press pelletizer using PVA (2 

wt% solution in DI water) as the binder. The pellets were then sintered at a 

temperature of 1350ºC for 2 hours placing synthesized BTS powder as the bed. To 

remove the binder from the pellets, the intermediate temperature in the sintering 

process was set at 650ºC. After completing the sintering process, electroding on both 

sides of the pellets was done with high-quality silver paint and annealed at 400ºC to 

get the final pellets. These pellets were used for electrical characterization (dielectric, 

ferroelectric, and piezoelectric properties) of BTS. 

2.1.2.1.2. Synthesis of BCHT using Modified Pechini Method 

These typical procedures require Barium Acetate (Ba(CH3COO)2), Calcium Nitrate 

Tetrahydrate (Ca(NO3)2·4H2O), Titanium(IV) Isopropoxide (C12H28O4Ti), and 

Hafnium(IV) Chloride (HfCl4) as the raw materials. Initially, two separate solutions of 

Barium Citrate and Titanium Citrate were prepared by mixing Barium and Titanium 

precursors in Citric Acid Monohydrate (C6H8O7·H2O) and Ethylene Glycol (C2H6O2) 

solution homogeneously, where the ratio of positive ion: Citric Acid Monohydrate: 

Ethylene Glycol was 1: 4: 16, respectively. Once complete dissolution was achieved the 

second solution was poured dropwise into the first solution. A required amount of 

Hafnium Chloride and Calcium Nitrate Tetrahydrate solution in a water medium was 

also prepared and mixed with the previous solution. Thereafter, the acquired 

precursor solution was kept under steady stirring at 250 rpm and the temperature of 

the hot plate was raised stepwise from RT (30ºC) to 200ºC. The obtained gel was then 

dried at 250ºC and then transferred to a furnace at 300ºC. The obtained black 

solidified lumps were then ground into powder using a mortar pestle following 

calcination at 950ºC for 3 h. To obtain the required fine particles the synthesized 

powders were again pestled using an agate mortar and collected as BCHT. The BCHT 

particles were then pressed into pellets with a high pressure of ~3 ton/cm2 using a 

hydraulic press machine and PVA (a 2 wt% solution in DI water) as glue. The pellets 

were heated at 1350ºC for 2 h on a bed of BCHT powder, with an intermediate 

temperature of 650ºC to remove the PVA. Next, silver paint was applied on both sides 

of the sintered pellets and treated at 400ºC to make the final pellets. To measure the 
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piezoelectric coefficient (d33), the pellets were put in a silicon bath and given 1 kV of 

voltage for 1 h. 

 

Fig. 2.3 Synthesis of BTS & BCHT particles using modified Pechini method. 

Table 2.1 Synthesis conditions of different filler particles. 

Name of 
the 

material 

Synthesis 
procedure 

Materials required Calcination 
temperature  

Time 

BST40 

particles 

Solid state 1. Barium Carbonate 

(BaCO3) 

2. Strontium Carbonate 

(SrCO3) 

3. Titanium Oxide (TiO2) 

1200°C  23 h 

BTS and 

BCHT 

particles 

Modified 

Pechini 

method 

For BTS   

1. Barium Acetate 

(Ba(CH3COO)2 

2. Tin Chloride 

Pentahydrate 

(SnCl4·5H2O) 

3. Titanium Isopropoxide 

(Ti(OCH(CH3)2)4) 

For BCHT 

1. Barium Acetate 

(Ba(CH3COO)2) 

950°C 

 

 

 

 

 

 

 

950ºC 

17 h 

 

 

 

 

 

 

 

17 h 
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2.2. Preparation of composite films: 

2.2.1. Preparation of PVDF-based composites: 

There are several methods available for the synthesis of polymer and polymer 

composite films, such as solution casting method, hot pressing method, film blowing, 

and thermal evaporation method to name a few. Among these different synthesis 

procedures, solution casting technique is the most facile technique for the synthesis of 

films of a polymer and its composite. Therefore, this simple solution casting method 

has been employed for the synthesis of neat PVDF and PVDF composite films in this 

present investigation.  

In this typical synthesis procedure, initially, 0.49 g of PVDF was dissolved in a 

specific amount (6 ml) of DMF with vigorous stirring (600 rpm) at 60°C until complete 

dissolution. On the other hand, varying amounts of fillers (BST40, BTS, and BCHT) 

were dispersed in that PVDF-DMF solution by rigorous magnetic stirring (600 rpm) 

for at least 48 h followed by 1 h of sonication in separate containers to obtain a 

homogeneous mixture so that uniform dispersion and interaction of the fillers with 

PVDF can be achieved. Afterward, the whole mixture was cast on properly cleaned and 

dried glass slides, and the solution was heat treated to evaporate the solvent at 90ºC 

for 4 h. Finally, the composite films were peeled off from the glass slides to get the 

required self-standing composite films. This synthetic procedure yields well-dispersed 

fillers incorporated in PVDF films. The neat PVDF film was also prepared by following 

the same procedure without impregnating any filler particles. The discussed synthesis 

procedures are schematically illustrated in Fig.2.4. 

2. Calcium Nitrate 

Tetrahydrate 

(Ca(NO3)2·4H2O) 

3. Titanium (IV) 

Isopropoxide 

(C12H28O4Ti) 

4. Hafnium (IV) Chloride 

(HfCl4) 
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Fig. 2.4 Synthesis of PVDF-based composite films. 

2.2.2. Preparation of BTS/PDMS composites: 

To prepare PDMS-based composite films familiar solution casting technique was used. 

Different wt% of BTS powders (5, 10, 15, and 20 wt%) were homogeneously mixed with 

the PDMS solution (PDMS base and curing agent in a ratio of 10:1). This suspension 

was then poured into a pre-cleaned petri dish and kept inside a vacuum oven to 

eliminate any air bubbles and heated to 60°C for 4 hours. Then the self-standing films 

were peeled off from the Petri dish to get the required BTS/PDMS composite film. 

    

Fig. 2.5 Synthesis of PDMS-based composite films 
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2.3. Fabrication of piezoelectric energy harvesters (PEH) 

Throughout the present work, flexible piezoelectric energy harvester (PEH) 

devices are utilized. As a consequence, in this section, a detailed fabrication procedure 

for the flexible nanogenerator is provided. This PEH fabrication is based on the typical 

sandwich structure. Initially, the synthesized composite film has been cut into small 

pieces of a particular area (2 cm x 3 cm). Such a piece of the composite film was then 

sandwiched between two flexible electrodes (Ag paste or Al tape) to fabricate the 

electrode–composite–electrode (ECE) stack. Adhesive electrodes (with definable 

area) were attached on both sides of the film. Finally, the ECE stack is being 

encapsulated (using a PET sheet) to protect the stack from any kind of external 

physical damage. A schematic of the facile fabrication procedure is shown in Fig.2.6. 

 

Fig. 2.6 Schematic of fabrication procedure of piezoelectric energy harvester (PEH). 

2.4. Fabrication of triboelectric energy harvesters (TEH) 

For the fabrication of TEH, at first, a stacked layer of an Aluminium electrode (Al tape) 

and a bare PVDF/PDMS film was attached with a PET sheet (dimension~ 4.5 cm x 5.5 

cm) using a two-sided adhesive tape. This entire structure (PVDF or PDMS 

film/Al/PET) acted as the bottom part of the TEH device, where PVDF/PDMS film 

acted as the negative triboelectric layer, Al as the bottom electrode, and PET as the 

substrate. However, the upper part consists of Al/PET, where Al tape is carefully 

affixed to the PET sheet to avoid any air gap. Here, Al acted as the positive triboelectric 

layer as well as the upper electrode, and PET acted as the substrate. These two parts 

(upper and bottom) were then placed together in such a way that the negative 

(PVDF/PDMS) and positive tribo-layers (Al) face each other maintaining a specific 

distance (~5 mm). Here two sponge spacers were used to maintain the specific 

distance between the two layers of the TEH device. The final dimension of the 

fabricated device was ~ 4.5 cm x 5.5 cm x 0.5 cm. 
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2.5. Fabrication of piezoelectric-triboelectric hybrid energy harvesters 

(HEH) 

As discussed earlier, the hybridization of piezoelectricity with triboelectricity in a 

hybrid energy harvester is internal hybridization. That is why the fabrication 

technique of the HEH device is the same as that of the TEH device. To couple the 

piezoelectricity with triboelectricity, BCHT/PVDF or BTS/PDMS composite films 

were used in the bottom layer of the HEH device instead of bare PVDF or PDMS films 

as in the case of TEH devices. In the case of BCHT/PVDF, Aluminium (Al) was used 

as the upper layer while for BTS/PDMS, normal printer paper was utilized as the 

positive tribo layer. Fig. 2.7 shows the fabrication process of a BCHT/PVDF-based 

HEH device. 

 

Fig. 2.7 Schematic of fabrication procedure of hybrid energy harvester (HEH). 

2.6. Characterization techniques 

To avoid the repeated appearance of the experimental techniques in the 

respective chapters, the various experimental details of the present investigation have 

been put together and placed in this chapter. Different analytical tools were used to 

characterize the filler’s structure, morphology, and different properties. The 

synthesized PVDF composite films were characterized thoroughly to have a clear idea 

about their structural, morphological, optical electrical, ferroelectric, piezo-electric, 

and microwave shielding properties. 
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2.6.1. Structural and morphological characterizations 

2.6.1.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a powerful structural characterization technique 

used to investigate crystalline structures. It is a non-destructive analytical technique 

that provides unprecedented detailed information on the crystal structures, 

orientations, size, and unit cell lattice parameters, phases, and chemical composition 

of materials. All types of materials nanostructures, films, or in the bulk form can be 

studied using X-rays.  

The basis of the formation of an X-ray diffraction pattern lies in Bragg's law, which is 

as follows:  

              2d sinθ = nλ      (2.1) 

This relation holds when a constructive interference is observed from a crystal lattice. 

In equation 2.1 ‘d’ is the distance between the two consecutive planes of the crystal, ‘λ’ 

is the wavelength of the incident X-radiation, θ is the angle of incidence of the X-ray 

on the crystal lattice, and ‘n’ is an integer (Fig. 2.8).  

 

 

Fig. 2.8 Bragg's Law reflection. The diffracted x-rays exhibit constructive 

interference when the distance between paths ABC and A'B'C' differs by an integer 

no. of the wavelengths (λ). [ref. 7] 

In this investigation, the X-ray diffraction measurements of the filler particles 

and composite films were carried out using an ‘Xray diffractometer of PAN Analytical, 

X’pert PRO MPD’ parallel beam X-ray diffractometer with conventional Bragg – 

Brentano goniometer geometry with a θ-2θ scanning mechanism. The X-radiation 



Chapter 2 

56 

source was Cu-Kα with wavelength (λ) = 1.540598 Å (40 kV and 40 mA). For the θ-2θ 

mechanism, the X-ray tube is stationary, the sample moves by the angle θ, and at the 

same time, the detector moves by the angle 2θ (Fig. 2.9). The peak positions (2θ or ‘d’ 

values) of the XRD patterns, obtained for a particular sample, were matched with the 

standard JCPDS database corresponding to the material; to find out the 

crystallographic nature of the synthesized material. In this regard, it is mentioned that 

the XRD data was Reitveld refined using the Fullprof software package for 

crystallographic analysis. 

 

Fig. 2.9 (a) Schematic of Bragg- Brentano geometry, (b) digital image of X-ray 

diffractometer. [ref.8] 

 

2.6.1.2. Fourier Transformed Infrared Spectroscope (FTIR):  

The output performance of a polymer-based piezoelectric nanogenerator 

mostly depends on the electroactive phase contents, as the piezoresponse of a 

polymeric material increases with increasing electroactive phase content. Fourier 

transform infrared (FTIR) absorption spectroscopy is the most useful tool to 

investigate such electroactive phases of a polymeric material.  

In this method, vibrational spectroscopy serves as the measurement approach 

for identifying the specific bonds within a composite material. When exposed to 

infrared (IR) radiation, certain molecules possessing a permanent dipole moment 

exhibit a distinct response at the frequency corresponding to their vibrational mode. 

Additionally, molecules lacking a permanent dipole moment can also partake in 

vibration at a characteristic frequency under the influence of IR radiation. Illustrated 

in Fig. 2.10, the incident beams undergo reflection at the interface of stationary and 

movable mirrors, generating an optical path difference. Upon traversing the sample, 

the light beam carries a phase vibration contingent on its frequency and is captured by 

a detector. Subsequently, this frequency-induced vibration is transformed into 
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intensity oscillations using the Fourier transform method, resulting in an 

"interferogram." This interferogram is then translated into a wavenumber-dependent 

spectrum through software, namely the Cooley-Tukey algorithm. In comparison to 

traditional IR spectrometers, Fourier Transform Infrared (FTIR) (Perkin Elmer FTIR 

instrument) spectroscopy boasts enhanced resolution, quicker operational speed, and 

improved signal-to-noise ratios. For the present work, the FTIR samples are prepared 

by using the drop-casting method with a thickness of ~ 20-30 µm. In this work, a FTIR 

Spectrum 2, Perkin Elmer instrument has been used for measuring the FTIR spectra 

with a scan rate of 8 cm-1/sec within the 400 to 4000 cm-1 spectral range. 

  

Fig. 2.10 (a) Schematic of Fourier transformed infrared (FTIR) spectrometer (b) 

Digital photograph of FTIR instrument (Perkin Elmer FTIR instrument) [ref. 9]. 

 

In this work, the recorded FTIR spectra of different PVDF composite films have been 

utilized to find out the fraction of the electroactive β phase in the composites. This β 

phase fraction (F(EA)) was calculated using Lambert-Beer law as given by [6], 

𝐹(𝐸𝐴) =
𝐴𝐸𝐴

(
𝐾𝐸𝐴

𝐾𝑁𝐸𝐴
) 𝐴𝑁𝐸𝐴 + 𝐴𝐸𝐴

                                              (2.2) 

Where 𝐴𝑁𝐸𝐴 and 𝐴𝐸𝐴 are the absorbance at 764 cm-1 and 840 cm-1 respectively, 𝐾𝑁𝐸𝐴 

(6.1 104cm2 mol-1) and 𝐾𝐸𝐴(7.7× 104 cm2mol-1) were the absorption coefficients at the 

respective wave numbers [6]. 

2.6.1.3. Raman spectroscopy 

Raman spectroscopy is a sophisticated analytical technique that offers a deep and 

insightful window into the molecular world. Named after its discoverer, Sir C. V. 

Raman, the technique is founded on the phenomenon of light scattering, where 

photons interact with molecules in a sample and emerge with altered energies, 
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providing a wealth of information about molecular vibrations and chemical 

compositions. 

At the heart of Raman spectroscopy lies the concept of molecular vibrations. Molecules 

are in a constant state of motion, with atoms oscillating around their equilibrium 

positions. These vibrations include stretching, where bonds between atoms are 

alternately extended and compressed, and bending, where the angles between these 

bonds fluctuate. Each type of bond and functional group in a molecule has specific 

vibrational modes associated with it. When a sample is irradiated with monochromatic 

light, typically from a laser, some of the scattered light will exhibit frequency shifts due 

to interactions with these molecular vibrations. 

There are two main outcomes of Raman scattering: Stokes and anti-Stokes scattering. 

In Stokes scattering, the scattered photons lose energy, resulting in longer wavelengths 

(lower frequencies) than the incident light. This is the more common type of scattering 

as it aligns with the second law of thermodynamics, which states that molecules tend 

to occupy lower energy states. On the other hand, anti-Stokes scattering involves 

photons gaining energy during scattering, leading to shorter wavelengths (higher 

frequencies) than the incident light. However, this process is less likely due to the 

lower population of higher energy vibrational states. Fig. 2.11 shows the schematic of 

the Raman spectrometer. In the present studies, Micro Raman Spectrometer of 

RENISHAW was used as the Raman spectrometer with a laser source of wavelength 

785 nm. 

 

Fig. 2.11 Schematic of Raman spectrometer. [ref. 10] 

The resulting Raman spectrum is a graphical representation of intensity against 

frequency shift (usually in wavenumbers or wavelengths). Peaks in the spectrum 

correspond to different molecular vibrations, providing valuable information about 
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the types of bonds present in the sample. These peaks can be used to identify 

functional groups, confirm molecular structures, and even detect subtle changes in 

molecular environments. 

2.6.1.4. Field Emission Scanning Electron Microscope (FESEM): 

The scanning electron microscope (SEM) plays a pivotal role in the examination 

of microscopic characteristics and the analysis of surface topography. Within the SEM, 

an electron gun generates an electron beam within a highly evacuated column, 

maintaining a pressure below 1x10-7 Pascal. This vacuum environment enables 

unobstructed electron movement along the column, minimizing scattering effects and 

preventing undesired discharges within the instrument. The design of this vacuum is 

intricately tied to the electron source, as it directly impacts the longevity of the cathode 

emitter. The primary purpose of the electron gun is to furnish a concentrated and 

steady electron current in the form of a fine beam. There exist two main categories of 

emission sources for this purpose: thermionic emitters and field emitters. These 

emission sources influence the efficiency and performance of the SEM. 

The fundamental distinction between SEM and FESEM lies in the type of 

emitter used. In SEM, emitter selection is the key differentiator. Thermionic Emitters 

function by passing an electrical current through a filament, which heats up. This 

filament is typically made of tungsten (W) or lanthanum hexaboride (LaB6). When the 

temperature surpasses the filament material's work function, electrons are liberated 

from its surface. However, thermionic sources exhibit drawbacks such as relatively low 

brightness, cathode material evaporation, and operational thermal drift. 

Consequently, achieving high-magnification images (around ×100000) can prove 

challenging. In contrast, Field Emission offers a solution that mitigates these issues. A 

Field Emission Source (FES), also known as a cold cathode field emitter, eliminates 

the need to heat the filament. Instead, electron emission occurs by subjecting the 

filament to a significant electrical potential gradient. The FES is usually a wire of 

tungsten (W) fashioned into a sharp point. The significance of the small tip radius (~ 

100 nm) is that an electric field can be concentrated to an extreme level, becoming so 

big that the work function of the material is lowered and electrons can leave the 

cathode. FESEM uses Field Emission Source producing a cleaner image, less 

electrostatic distortions, and spatial resolution < 2nm. Imaging by capturing and 

analyzing secondary electrons, which are ejected from the material under 



Chapter 2 

60 

investigation, is the most common technique used for electron microscopy. An 

electron-collecting device collects these secondary electrons to produce an electronic 

signal. The electronic signal is amplified and the image of the sample surface is finally 

displayed on the screen of a PC. Fig. 2.12 schematically illustrates the basic parts of the 

operation of SEM. 

In the present investigation, the surface morphologies of the films were studied 

by FESEM (Supra 35 VP) and FESEM (Carl Zeiss). 

 

Fig. 2.12 Schematic of the basic parts of SEM [ref. 11]. 

2.6.1.5. Transmission Electron Microscope (TEM):  

TEM stands for transmission electron microscope, which was developed to 

obtain magnification and hence details of a specimen, to a much better level than the 

conventional optical microscopes. In TEM a beam of electrons is passed through an 

ultra-thin specimen interacting with the specimen as it passes through. When 

electrons are accelerated up to high energy levels (a few hundred keV) and focused on 

a material, they can scatter or backscatter elastically or inelastically, or produce many 

interactions, source of different signals such as X-rays, Auger electrons or light. Some 

of them are used in transmission electron microscopy (TEM). An image is formed from 

the interaction of the electrons transmitted through the specimen; the image is 

magnified and focused onto an imaging device, such as a fluorescent screen, on a layer 

of photographic film, or to be detected by a sensor such as a CCD camera. Fig. 2.13 

illustrates the schematic of a transmission electron microscope (TEM). 
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In the present investigation, the structure of the synthesized samples was 

studied using transmission electron microscopy TEM, and HRTEM images of the filler 

particles were characterized by Tecnai G2, 30ST instrument (300 kV). To prepare the 

samples for TEM analysis a pinch of the synthesized filler particle was dispersed in 10 

ml of ethanol. After a sonication of 15 min the sample was dropped on the TEM grid 

using a micropipette and the sample was kept for drying for about 18 to 20 hrs.  

 

 

Fig. 2.13 Schematic of the basic transmission electron microscope (TEM). [ref. 12] 

2.6.2. Elemental Characterization: 

Elemental analysis involves the identification and measurement of the kinds 

and quantities of chemical elements within a given sample. This procedure holds great 

importance across diverse sectors such as science, and research, encompassing tasks 

like materials exploration, and stoichiometry assurance in synthesis. A variety of 

methods exist for elemental analysis, each with its distinct principles and utility. 

2.6.2.1. EDX analysis: 

Energy-dispersive X-ray Spectroscopy (EDX) is a sophisticated analytical 

technique employed in conjunction with electron microscopy. It provides insights into 

the elemental composition of a sample by detecting the X-rays emitted when the 

sample is bombarded with a focused electron beam. 
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In EDX, the primary electron beam from the microscope interacts with the atoms in 

the sample, causing inner-shell electrons to be displaced from their orbits. This creates 

vacancies in these inner electron shells. To fill these vacancies, electrons from higher 

energy levels drop down to the lower energy levels, releasing energy in the form of X-

rays that are characteristic of the elements involved (Fig. 2.14). These emitted X-rays 

are then collected by an energy-dispersive detector. 

The detector records the energies of the emitted X-rays, and this information is 

used to generate an energy spectrum. Each element has unique X-ray energies 

associated with its electron transitions, allowing for the identification of the elements 

present in the sample. The intensity of the X-ray peaks in the spectrum corresponds 

to the relative abundance of each element. 

 

Fig. 2.14 Schematic of the basic principle of EDX. [ref. 13] 

EDX provides qualitative and semi-quantitative information about the 

elemental composition of the sample. One of the advantages of EDX is its ability to 

offer insights at the microscopic scale, providing details about the elemental 

distribution within the sample. 

One of the other characteristics of the EDX is mapping where the recorded X-

ray data is processed to generate elemental maps. For each pixel in the SEM image, an 

energy spectrum is obtained, and the characteristic X-ray peaks of different elements 
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are identified. By analyzing the intensity of these peaks, the relative abundance of each 

element is determined. Elemental maps are then created by assigning false colors to 

each element, allowing to visually see where different elements are distributed across 

the sample's surface. 

In summary, Energy-Dispersive X-ray Spectroscopy is a valuable tool for 

elemental analysis, particularly when combined with SEM. It enables us to obtain 

information about the elemental makeup of a sample, contributing to our 

understanding of material composition, structure, and characteristics on a 

microscopic level. 

2.6.2.2. X-ray Photoelectron Spectroscopy: 

X-ray Photoelectron Spectroscopy (XPS) stands as a remarkable cornerstone 

within the realm of surface science. By employing the fundamental principles of the 

photoelectric effect, XPS employs X-ray photons to liberate electrons from a material's 

outermost atomic layers. The kinetic energy of the emitted photoelectrons is related to 

the binding energy of the electrons in the material. Each element and chemical state 

have distinct binding energies. By measuring these energies, XPS can identify the 

elements present on the surface and provide information about their chemical bonding 

environments. XPS can distinguish between different chemical states of an element. 

For example, carbon can exist in various chemical environments such as carbon-

carbon (C-C) bonds, carbon-oxygen (C-O) bonds, or carbon-nitrogen (C-N) bonds. The 

specific binding energies of the electrons associated with these different bonds allow 

researchers to identify the chemical states present. This technique's prowess extends 

across domains, finding applications in deciphering the mysteries of nanomaterials, 

catalysts, polymers, and beyond, while allowing scientists and engineers to masterfully 

engineer and optimize material surfaces for tailored functionalities [14]. Fig. 2.15 

shows the typical schematic of the working principle of XPS. In the present work, PHI 

5000 VERSA PROBE III ULVAC PHI (Physical Electronics), USA was used for X-ray 

photoelectron spectroscopy (XPS) characterization. 
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Fig. 2.15 Schematic of the basic principle of XPS. [ref. 15]  

2.6.3. Thermal Characterisations:  

Thermal behavior being one of the physical properties of any material, gives a 

fair estimation of the constituents and nature of material. In thermal analysis, the 

physical property of a substance is measured as a function of temperature, while the 

substance is subjected to a controlled temperature program [16]. Differential Scanning 

Calorimetry (DSC) is a powerful analytical technique used to study the thermal 

properties of materials. It provides valuable insights into processes such as phase 

transitions, melting points, crystallization, and reactions that involve heat changes. 

Differential Scanning Calorimetry (DSC): 

In addition to the determination of heat and temperature of physical and 

chemical transitions, DSC is also useful in finding out calorimetric purity and second-

order transitions. In this technique, an aluminum pan is used to accommodate the 

weighted sample powder. The medium used is air and is supplied at the rate of 100 

ml/min. The sample is heated at the rate of 10 ºC/min. Here, change in energy, say in 

mW, is recorded as a function of temperature, which provides either exothermic or 

endothermic peaks at the time of the DSC curve in fingerprinting in which simple or 

complex materials can be compared for identification using measurements of peak 

positions, sizes, or shapes. These methods are widely used in chemical analysis, and 

for obtaining thermodynamic and kinetic data. By using these DSC curves degree of 

crystallinity of any sample can be measured by the following relation [17] 



Chapter 2 

65 

Degree of crystallinity (𝑋𝑐)= 
∆𝐻𝑐

∆𝐻100%
                              (2.3) 

where ∆𝐻100%=104.6 J/g. The schematic of a differential scanning calorimetry is 

shown in Fig. 2.16. 

 

 

Fig. 2.16 Schematic of a differential scanning calorimeter (DSC). [ref. 18] 

Differential scanning calorimetry (DSC) (DSC-60, Shimadzu) was also used for further 

in-depth thermal analyses of the prepared materials.  

2.6.4. Optical Measurement: 

Ultraviolet-Visible Spectroscopy (UV-Vis): 

Ultraviolet-visible spectroscopy (UV-Vis) is an important analytical tool to 

interpret the optical behavior of a material. It has two different modes, the first is 

absorption mode and the second is reflectance mode, both are achieved for the 

ultraviolet-visible range i.e., wavelength region of 200 to 800 nm. The electronic 

transitions due to absorption of photons (either for ground, or for higher energy or 

excited state) are obtained, as the absorption versus wavelength is recorded in UV-Vis 

spectroscopy [19]. The absorbance A is simply expressed as Beer’s law: 

𝐴 = log(
𝐼

𝐼0
)                                                                  (2.4) 

Where, the transmittance is denoted by the ratio 
𝐼

𝐼0
 , I is the light intensity, and 𝐼0is the 

intensity of light before entering the sample. The absorbance data in the wavelength 

range 250 – 700 nm were collected for all the samples. The energy difference between 
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the valence band and the conduction band i.e., the energy band gap (Eg) was calculated 

by using the Tauc plot method [20] and Equation 2.5.   

                                                             (𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                      (2.5) 

where 𝛼 is the absorption coefficient, h is the Planck constant, 𝜈 is the frequency of the 

incident light and A is an arbitrary constant. Eg value is calculated by plotting (𝛼ℎ𝜈)2 

in y-axis, ℎ𝜈 in x-axis and extrapolating the linear region of the graph. The intersection 

of this tangent line in the x-axis (where y=0) is the required band gap energy. 

In the present work, the measurement of UV-Vis was characterized using a 

SHIMADZU UV–VIS-NIR spectrometer (UV-3600). Fig. 2.17. shows the schematic 

diagram of the UV-VIS spectrometer. 

 

Fig. 2.17 Schematic of the basic parts of UV-Vis spectrophotometer. [ref. 21] 

2.6.5. Electrical Characterisations 

2.6.5.1. Zeta potential analyzer 

    Zeta potential is a pivotal parameter in the realms of colloidal and surface 

chemistry, signifying the electrical charge present on the surface of particles within a 

dispersion. It holds significant importance in ascertaining the stability of colloidal 

systems and the interactions among particles within a solution. The movement of 

particles is described by the Stokes-Einstein equation (Equation 2.6). 

                                                      𝐷= 𝑘𝐵𝑇/6𝜋𝜂𝑅                                                        (2.6) 
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where, D, kB, T, η, and R represent the diffusion, Boltzman’s constant, temperature, 

viscosity of the solvent and hydrodynamic radius of the particles, respectively. The zeta 

potential analyzer measures the electrophoretic mobility of the particles and uses this 

information to calculate the zeta potential. The zeta potential is typically reported in 

millivolts (mV). 

 

Fig. 2.18 Digital image of zeta potential analyzer. 

2.6.5.2. Dielectric properties 

Dielectric performance of the pellet samples and composite films was carried 

out using Wayne Kerr’s Precision Impedance Analyzer 6500B within a frequency 

range of 100 Hz to 1 MHz. a digital image of the impedance analyzer is shown in Fig. 

2.19. The value of the dielectric constant (ε ) and ac conductivity (σac) of the samples 

were calculated using the following equations [1] : 

𝜀′ =  
𝐶. 𝑑

𝜀0𝐴
                                                           (2.7) 

and 

  𝜎𝑎𝑐 = 2𝜋𝑓𝜀0𝑡𝑎𝑛𝛿𝜀′                                       (2.8)               

Where C, d, A, and tan𝛿 are the capacitance, thickness, area and dielectric tangent loss 

of the samples, respectively. f is the frequency of the electric field applied across the 

samples and 𝜀0 is the free space permittivity (8.854× 10-12 F.m-1). In this present work 

to measure the dielectric properties adhesive aluminium tape/silver paste was used as 

electrodes.  
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Fig.2.19 Digital image of the impedance analyzer. 

2.6.6. Ferroelectric and Piezoelectric characterizations 

Ferroelectric measurements by measuring the P-E hysteresis loop were done by 

using the FE test system (aixact TF Analyser 2000) (Fig. 2.20). The core of your 

measurement involves applying an electric field to the ferroelectric sample and 

simultaneously measuring its polarization response. This process generates a P-E 

hysteresis loop. As we increase the electric field, the material's polarization changes 

accordingly. With the subsequent reduction in the electric field, the polarization may 

not return to its original value due to phenomena like domain switching and 

hysteresis, characteristic of ferroelectric materials. 

The aixact TF Analyser 2000 records the changes in polarization as the electric field 

was swept back and forth. This data was used to create the P-E hysteresis loop, which 

illustrates the relationship between polarization and electric field strength. Once the 

data collection is complete, we could analyze the P-E hysteresis loop to extract key 

parameters such as the remnant polarization, coercive field, and the shape of the loop. 

These parameters provide insights into the ferroelectric material's behavior, including 

its ability to retain polarization in the absence of an external field and the energy 

required to switch its polarization.  
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Fig. 2.20 Digital image of the Ceramic Multilayer Actuator Test Bench (aixACCT 

System GmbH, Germany). 

Piezoelectric Force Microscopy (PFM) is an advanced technique within scanning probe 

microscopy, focusing on the examination and manipulation of piezoelectric materials 

with exceptional precision at the nanoscale level (Fig. 2.21). Piezoelectric substances 

possess the unique property of generating electric charges when subjected to 

mechanical stress or undergoing deformation due to an applied electric field. 

In the PFM process, a pointed tip affixed to a delicate cantilever is employed to 

precisely interact with the surface of a sample composed of a piezoelectric material. 

This tip is typically constructed from a conductive material, enabling the application 

of electric fields and the measurement of electric charges. While the tip traverses the 

sample's surface, it applies a minute mechanical force, and the ensuing reaction of the 

material is gauged. This response encompasses both the material's mechanical 

distortion brought about by the piezoelectric phenomenon and the electric charge 

generated because of the same phenomenon. Here, Asylum Research AFM (MFP3D 

Origin) was used for PFM characterizations. 
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Fig. 2.21 Schematic of the PFM setup. [ref. 22] 

   

Fig. 2.22: Digital image of piezoelectric charge coefficient measurement unit (d33 
meter) 

A d33 piezometer is a specialized instrument employed to measure the piezoelectric 

charge coefficient (d33) of a piezoelectric material. By subjecting the material to a 

controlled mechanical stress, achieved through methods like mechanical force or 

piezoelectric actuators, the device collects the charge generated due to the piezoelectric 

effect via electrodes attached to the sample. This generated charge is directly 

proportional to the d33 coefficient, which quantifies the material's ability to produce 

charge under stress and is expressed in picocoulombs per newton (pC/N). Here for 

this specific measurement d33 PiezoMeter PIEZOTEST PM300 (Fig. 2.22) was used. 

2.6.7. Energy harvesting measurements: 

The current work involves generating electrical power from mechanical energy, 

requiring the use of an electrical signal measurement setup. To measure the output 

voltage, a Tektronix MDO032 Digital Storage Oscilloscope (DSO) was employed. DSOs 

are a standard type of digital oscilloscope that presents electrical signals as waveforms 
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on a screen (Fig. 2.23). One significant advantage of DSOs lies in their capacity to 

digitally capture and store these waveforms. This capability allows users to examine 

previous signals, freeze a waveform for closer inspection, or save data for future 

analysis. 

 

Fig. 2.23 Schematic of the digital storage oscilloscope [ref. 23].     

For output current measurements a source meter AGILENT B2902A with a 

connection of Quick IV measurement software was used. 

2.6.8. Others characterizations: 

Other characterizations and software used throughout the thesis are discussed in each 

part. 

 

 

 

 

 



Chapter 2 

72 

References: 

[1] S. Maity, A. Sasmal, S. Sen, Comprehensive characterization of Ba1−xSrxTiO3_ 

Correlation between structural and multifunctional properties, J Alloys Compd. 

884 (2021) 161072. https://doi.org/10.1016/j.jallcom.2021.161072. 

[2] P. Christian, D. Hennings, R. Waser. "Progress in the synthesis of 

nanocrystalline BaTiO3 powders for MLCC." International Journal of Applied 

Ceramic Technology 2.1 (2005): 1-14. 

[3] https://wiki.aalto.fi/display/SSC/Ball+milling+as+a+synthesis+method. 

[4] Pechini, M. P. "US Patent No. 3330697, July." (1967). 

[5] K. Masato, and M. Yoshimura. "Synthesis and characteristics of complex 

multicomponent oxides prepared by polymer complex method." Bulletin of the 

Chemical Society of Japan 72.7 (1999): 1427-1443. 

[6] Jr, Rinaldo & Cestari, Marcelo. Effect of crystallization temperature on the 

crystalline phase content and morphology of poly(vinylidene fluoride). Journal 

of Polymer Science Part B: Polymer Physics. 32. 859 – 870 (1994) doi: 

10.1002/polb.1994.090320509.. 

[7] https://serc.carleton.edu/research_education/ 

geochemsheets/BraggsLaw.html. 

[8] https://www.list.lu/fileadmin//files/Event/ 

sites/tudor/files/event/4_Presentation_Dr_Yves_Fleming. 

[9] Ojeda, Jesús J., and M. Dittrich. "Fourier transform infrared spectroscopy for 

molecular analysis of microbial cells." Microbial Systems Biology: Methods and 

Protocols (2012): 187-211.. 

[10] https://chem.libretexts.org. 

[11] https://www.tribonet.org/wili/scanning-electrone-microscope 

[12] M. Naresh. Vision and visual serving for nanomanipulation and 

nanocharacterization in scanning electron microscope. Diss. Université de 

Franche-Comté, 2013. 

[13] https://www.thermofisher.com/blog/materials/edx-analysis-with-sem-how-

does-it-work/. 

[14] D. Jean-Charles, et al. "Systematic XPS studies of metal oxides, hydroxides and 

peroxides." Physical Chemistry Chemical Physics 2.6 (2000): 1319-1324. 



Chapter 2 

73 

[15] https://jacobs.physik.uni-saarland.de. 

[16] H. W. Willard; J. A. Dean; Jr. L. L. Merritt; F. A. Sattle; Instruments Methods of 

Analysis, CBS Publishers and Distributore, India, 1986. 

[17] P. Thakur, A. Kool, B. Bagchi, S. Das, and P. Nandy. "Enhancement of β phase 

crystallization and dielectric behavior of kaolinite/halloysite modified poly 

(vinylidene fluoride) thin films." Applied clay science 99 (2014): 149-159. 

[18] https://www.hitachi-hightech.com/global/en/knowledge/analytical 

systems/thermal-analysis/basics/dsc.html. 

[19] C. Zhebo, Huyen N. Dinh, E. Miller, Z. Chen, T. G. Deutsch, H. N. Dinh, K. 

Domen et al. "UV-vis Spectroscopy." Photoelectrochemical Water Splitting: 

Standards, Experimental Methods, and Protocols (2013): 49-62. 

[20] J. Wang, J. Xiang, S. Duo, W. Li, M. Li, L. Bai, Microstructure, optical and 

dielectric properties of compositional graded (Ba,Sr)TiO3 thin films derived by 

RF magnetron sputtering, J. Mater. Sci. Mater. Electron. 20 (2009) 319–322. 

[21] https://commons.wikimedia.org/wiki/ 

File:Schematic_of_UV_visible_spectrophotometer.png 

[22] https://wiki.aalto.fi/. 

[23] https://www.geeksforgeeks.org/digital-storage-oscilloscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.hitachi-hightech.com/global/en/knowledge/analytical
https://commons.wikimedia.org/wiki/%20File:Schematic_of_UV_visible_spectrophotometer.png
https://commons.wikimedia.org/wiki/%20File:Schematic_of_UV_visible_spectrophotometer.png
https://wiki.aalto.fi/


Chapter 2 

74 

 

 

 

 

 



 

A portion of this chapter appeared as  

 
S. Maity, A. Sasmal, S. Sen, Comprehensive characterization of Ba(1-x)SrxTiO3: 
Correlation between structural and multifunctional properties. Journal of Alloys 
and Compounds, 2021, 884, 161072.  
 

Chapter 3 

Sr2+ doped BaTiO3 incorporated PVDF: an 
efficient piezoelectric energy harvester 

and mechanosensor 

3.1 Introduction 

As mentioned in the previous chapter, for ambient mechanical energy harvesting, 

piezoelectric and triboelectric nanogenerators are commonly used [1,2]. Researchers 

are now engaged to develop these devices in a flexible manner so that they can be 

easily used in various real-life applications. Therefore, polymer-based materials have 

become the best choice of interest to researchers. The present work is also focused on 

developing flexible polymer-based composites for energy harvesting and 

mechanosensing applications. For this purpose, such polymer material is needed to 

be chosen that, the material exhibits inherent dielectric, ferroelectric and 

piezoelectric properties. That’s why poly(vinylidene fluoride) (PVDF) and its co-

polymers are the best choice to fulfill the desired requirements [1]. Therefore, PVDF 

was chosen as the base polymer matrix in the present study. Inspite of these 

advantageous properties, it suffers from some limitations including the propensity of 

exhibiting non-polar α phase in normal conditions and a low value of dielectric 

permittivity (~ 8-10) which place this material rear side of real life applications. 

Ceramic material possesses a pivotal role in the output property (output voltage, 

output current, and output power density) enhancement of polymer composite based 

piezo, tribo, and hybrid energy harvesters.  In this regard, Barium Titanate (BaTiO3) 

was chosen as the filler material due to its modifiable dielectric, ferroelectric, and 

piezoelectric properties, and its lead-free nature [3–6]. This class of materials has a 

wide range of applications in the development of various technological devices, 

including energy storage, memory, and switching devices [7,8]. Moreover, the 
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promising dielectric properties of BaTiO3 and BaTiO3-based ceramics make them 

valuable in diverse fields such as the creation of multilayer and voltage-tunable 

capacitors, electro-optic devices, infrared sensors, and efficient transducers [9–11]. 

Due to its exceptional piezoelectric properties, BaTiO3-based materials are now 

extensively utilized in the fabrication of piezoelectric actuators for energy harvesting 

[12]. Additionally, this material serves as an environmentally friendly alternative to 

lead-based piezoelectric materials like lead zirconate titanate (PZT). Therefore, 

researchers worldwide continue to be intrigued by the study and manipulation of the 

properties of this material through various techniques. Several methods have been 

employed to tailor the performance of BaTiO3, including techniques such as alloying 

with other perovskite oxides, site engineering, and domain engineering [13–15]. 

Since the perovskite lattice has the ability to accommodate ions of varying sizes, 

there is significant potential for intentional doping with various ions in this material 

[16]. In this regard, the process of alloying BaTiO3 with perovskite oxides like, BiFeO3 

[17], KNbO3 [15], BiYbO3 [13], CaTiO3 [18], SrTiO3 [19], Bi0.5Na0.5TiO3-NaNbO3 [20], 

CaTiO3-BaHfO3 [21], CaTiO3-BaZrO3 [22], etc. have already been extensively studied 

earlier. On the other hand, Ba-site and/or Ti-site doping with Sm3+ [23], Sr2+ [24], 

Ca2+ [25], Li+-Ho3+ [14], Mn4+ [26], Ni2+ [27], Fe2+-W6+ [28], Fe3+ [29], Ca2+-Zr4+ 

[16], Ca2+-Zr4+-Mn4+ [30], Zr4+ [31], Sn4+ [31], Hf4+ [32], etc. have also been 

thoroughly studied. Among all these techniques, recent attention has upsurged 

towards Sr2+ doped BaTiO3 owing to its robust non-linear dielectric permittivity, low 

dielectric loss tangent, high tunability, and thermal stability of dielectric permittivity 

which are very valuable during the development of tunable microwave devices [9,10]. 

Additionally, the concentration of Sr2+ ions in the Ba2+ site profoundly influences the 

structural properties of BaTiO3, thereby affecting its electrical behavior [33,34]. 

Notably, Sr2+ doping has also led to the emergence of ferroelectricity in BaTiO3 even 

within the paraelectric centrosymmetric phase, a phenomenon that has sparked 

significant interest among researchers [35,36]. 

Despite some prior research on Sr2+ doped BaTiO3, there is still a need for in-depth 

characterization and the establishment of correlations between its different 

properties. This motivates the choice of investigating this material in the current 

study. Here, we have fabricated Ba(1-x)SrxTiO3 (0≤x≤1) ceramics and thoroughly 

examined their structural, optical, vibrational, and dielectric properties. Among 
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them, Ba0.6Sr0.4TiO3 (BST40) was identified as the most favorable composition due 

to its excellent dielectric properties, including a high permittivity, low loss tangent, 

and low leakage current density. This composition was subsequently employed as a 

filler within PVDF for applications in piezoelectric energy harvesting and 

mechanosensing. 

3.2. Experimental 

This chapter deals with the fabrication of the piezoelectric energy harvesting device 

using Barium strontium titanate incorporated PVDF as functional layer. Here, the 

filler BST particles are synthesized using solid state technique (detail is given in 

section 2.1.1 of chapter 2). Now to synthesize the composite films which act as the 

heart of the device simple solution casting technique was utilized (detail of the 

procedure is discussed in section 2.2.1 of chapter 2). Bare PVDF film was also 

prepared using the same procedure without adding any filler. The synthesized 

composites were indexed as 10BST40, 20BST40, 30BST40, 40BST40, 50BST40, and 

60BST40 accordingly for 10, 20, 30, 40, 50, 60 wt% BST40 loaded PVDF composite 

films respectively. The average thickness of the composites and bare PVDF films 

were found out to be 0.05 mm as measured by the digital slide calipers. The final 

piezoelectric energy harvesting device was fabricated using the electrode-composite-

electrode stack structure (detail of the fabrication procedure is included in section 

2.3 of chapter 2) 

3.3 Results and Discussions 

3.3.1 Characterizations of fillers 

3.3.1.1 Structural and Vibrational Characterization 

The X-ray diffraction (XRD) patterns presented in Figure 3.1 demonstrate the 

successful integration of strontium into the perovskite Barium Titanate matrix 

throughout the entire compositional range, spanning from x = 0 to x = 1. 

Importantly, these patterns do not exhibit any discernible impurity peaks [37,38]. In 

the case of pure barium titanate without strontium doping, Figure 3.2 reveals a 
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Fig. 3.1 Indexing of XRD patterns of (a) BT, (b) BST20, (c) BST40, (d) BST60, (e) 
BST80, and (f) ST powders. 

distinct separation of peaks near the Bragg angle (2θ) of 45⁰, specifically concerning 

the (200) and (002) peaks. This peak separation becomes apparent when 

considering the intensity ratio of these two peaks (I200/I002), which measures at 

approximately 2. This ratio unequivocally validates the tetragonal nature of the 
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unadulterated Barium Titanate (BT) sample [14,39]. For the composition with x = 

0.2, it is worth noting that the two peaks are almost merging. As portrayed in Figure 

3.2, there is a gradual shift of diffraction peaks towards higher angles with the 

increasing concentration of Sr2+ doping. This shift signifies a stepwise reduction in 

the lattice parameters for the respective samples. Moreover, the absence of the (002) 

peak stands out as an indicator of the gradual structural phase transition from a 

tetragonal to a cubic configuration [40,41]. 

 

Fig. 3.2 Zoomed view of the XRD pattern of Ba(1-x)SrxTiO3 ceramics of 2θ value 
from 44.5° - 47°. 

For an in-depth structural analysis, we employed the Rietveld method using the Full 

prof package to refine the XRD patterns of all synthesized ceramic powders within 

the Ba(1-x)SrxTiO3 series (0 ≤ x ≤ 1). The results of this refinement are presented in 

Figure 3.3, while the refined lattice parameters and structure fitting factors are 

summarized in Table 3.1. The Rietveld refinement unequivocally established that the 

BT and BST20 samples crystallize within the tetragonal P4mm space group. In 

contrast, BST40, BST60, BST80, and ST samples exhibited a cubic structure with 
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Fig. 3.3 Rietveld Refined XRD patterns of (a) BT; (b) BST20; (c) BST40; (d) 
BST60; (e) BST80; (f) ST. 

the Pm-3m space group. An examination of the atomic positions revealed that BT 

and BST20 adopt a non-symmetrical structure, whereas BST40, BST60, BST80, and 

ST displayed a symmetrical structure.  
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Table 3.1 Refined lattice parameters and structure fitting factors of all the samples. 

x values 
and 
space 
group 

Lattice 
parameters 
 

 
c/a 

Crystal 
Volum
e 
(Å3) 

 
At
om
s 

Atomic sites 
(x,y,z) 
 

Ti-
O 
Bon
d 
Len
gth 
(Å) 

Refineme
nt fitting 
factors 

a (Å) c (Å) 

BT 
(P4mm) 
 
 
 
BST20 
(P4mm) 
 
 
 
 
BST40 
(Pm-3m) 
 
 
 
BST60 
(Pm-3m) 
 
 
 
 
 
BST80 
(Pm-3m) 
 
 
 
 
ST 
(Pm-3m) 

3.9937 
 
 
 
 
3.9871 
 
 
 
 
 
3.9732 
 
 
 
 
3.9413 
 
 
 
 
 
 
3.9242 
 
 
 
 
 
3.9058 

4.0323 
 
 
 
 
4.0054 
 
 
 
 
 
3.9732 
 
 
 
 
3.9413 
 
 
 
 
 
 
3.9242 
 
 
 
 
 
3.9058 

1.0097 
 
 
 
 
1.0046 
 
 
 
 
 
1.0000 
 
 
 
 
1.0000 
 
 
 
 
 
 
1.0000 
 
 
 
 
 
1.0000 

64.3134 
 
 
 
 
63.6741 
 
 
 
 
 
62.7203 
 
 
 
 
61.2231 
 
 
 
 
 
 
60.4294 
 
 
 
 
 
59.5860 

Ba 
Ti 
O1 
O2 
 
Sr 
Ba 
Ti 
O1 
O2 
 
Sr 
Ba 
Ti 
O 
 
Sr 
Ba 
Ti 
O 
 
 
 
Sr 
Ba 
Ti 
O 
 
 
Sr 
Ti 
O 

(0,0,0) 
(0.5,0.5,0.4820) 
(0.5,0.5,0.0160) 
(0.5,0.0,0.5150) 
 
(0,0,0) 
(0,0,0) 
(0.5,0.5,0.4850) 
(0.5,0.5,0.0140) 
(0.5,0.0,0.5150) 
 
(0,0,0) 
(0,0,0) 
(0.5,0.5,0.5) 
(0.5,0.5,0) 
 
(0,0,0) 
(0,0,0) 
(0.5,0.5,0.5) 
(0.5,0.5,0) 
 
 
 
(0,0,0) 
(0,0,0) 
(0.5,0.5,0.5) 
(0.5,0.5,0) 
 
 
(0,0,0) 
(0.5,0.5,0.5) 
(0.5,0.5,0) 

2.15 
 
 
 
 
2.12 
 
 
 
 
 
1.99 
 
 
 
 
1.97 
 
 
 
 
 
 
1.96 
 
 
 
 
 
1.95 

Rp= 25.7% 
Rwp= 21.3% 

𝑥2 = 1.05 
 
 
Rp= 15.1% 
Rwp= 16.9% 

𝑥2 = 1.34 
 
 
 
Rp= 17.6% 
Rwp= 18.9% 

𝑥2 = 1.41 
 
 
Rp= 18.8% 
Rwp= 18.7% 

𝑥2 = 1.57 
 
 
 
 
Rp= 17.2% 
Rwp= 17.3% 

𝑥2 = 1.49 
 
 
 
Rp= 27.5% 
Rwp= 13.8% 

𝑥2 = 1.07 
 

 

Notably, in BT and BST20, the Ti4+ ions are slightly displaced from the crystal's 

center. The degree of tetragonality, quantified by the c/a ratio (the ratio of lattice 

parameters along the polar axis to the X-axis), decreased as strontium incorporation 

increased, maintaining a constant value of 1 for 0.4 ≤ x ≤ 1.0. This observation 

further confirmed a phase transition occurring at x = 0.4, shifting from a tetragonal 

to a cubic structure [40,42]. The stability of an ionic addition within a perovskite 

structure relies on the tolerance factor, which falls within a specific range of 0.880 to 

1.090 for maintaining stable perovskite structures, as indicated in reference [43]. 
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The Goldschmidt tolerance factor (t) required for this evaluation can be computed 

using the formula provided in Equation 3.1. [43]. 

𝑡 =
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
    (3.1) 

where, rA, rB, and rO are the ionic radius of A-site cation, B-site cation, and anionic 

radius of O2-, respectively. To be precise, rA represents the ionic radius of either Ba2+ 

or Sr2+ ions (1.61Å and 1.44Å, respectively), while rB corresponds to the ionic radius 

of Ti4+ ions (0.60Å), and rO symbolizes the ionic radius of O2- ions (1.4Å). These ionic 

radius values have been sourced from Shannon's ionic radii periodic table, taking 

into consideration the coordination number [44]. 

The computed tolerance factor values for all the samples are detailed in Table 3.2. As 

we can discern from the data presented in Table 3.2, it is evident that the gradual 

addition of Sr2+ results in a decrease in the deviation of tolerance factor (t) values 

from 1. When t values deviate from 1, it signifies a non-symmetrical structure. 

Consequently, the transition from a non-symmetrical structure (BT) to a symmetrical 

one (ST) is confirmed based on the information provided in Table 3.2. 

Table 3.2 Calculated tolerance factors of Ba(1-x)SrxTiO3(0 ≤x ≤1) samples. 

x 0 0.2 0.4 0.6 0.8 1 

Tolerance 

factor (t) 

1.062 1.050 1.040 1.025 1.010 1.002 

 

The widely recognized Scherrer's Equation (as presented in Equation 3.2) was 

utilized to determine the crystallite size (D) based on the powder X-ray diffraction 

patterns of all the samples [45]. 

                         𝐷 =
𝑘𝜆

𝛽 cos 𝜃
                            (3.2)     

Here, k = 0.9, 𝜆 is wavelength (0.154 nm) of incident CuKα radiation, 𝛽 is full width 

at half maximum of a peak, 𝜃 is Bragg angle corresponds to the peak position. The 
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parameter "β" encompasses contributions to peak width originating from both the 

sample and the instrument. To eliminate the peak broadening attributed to 

instrumental effects, the following relationship (referred to as Equation 3.3) was 

employed [46]. 

𝛽𝑐 = √𝛽2 − 𝛽𝑖
2     (3.3) 

where 𝛽 represents measured peak width, 𝛽𝑐 is corrected FWHM and 𝛽𝑖 is the width 

of instrument broadening. The peak width component originating from the 

instrumental effect is measured by keeping Silicon (Si) as the reference material [45]. 

With this corrected FWHM, we can now calculate the average crystallite size using a 

modified Scherrer's equation by substituting "βc" for "β" in Equation 3.1. 

The Scherrer equation, which is used to determine crystallite size by analyzing peak 

broadening, has a limitation because it solely accounts for the broadening caused by 

crystal size. Another important factor to consider is strain (ε), primarily arising from 

imperfections within the crystal, which significantly impacts peak broadening [44]. 

To separate the effects of crystallite size and strain, the Williamson-Hall (W-H) plot 

method is commonly employed [47]. According to the W-H method, peak 

broadening due to both crystallite size and strain can be expressed using Equation 

3.4 provided below. 

𝛽ℎ𝑘𝑙 = 𝛽 𝑐𝑟𝑦.  𝑠𝑖𝑧𝑒 + 𝛽𝑠𝑡𝑟𝑎𝑖𝑛                        (3.4) 

Here the 1st term on the right-hand side is reversely proportional to ‘cos 𝜃’ and 2nd 

term is proportional to ‘tan 𝜃’. The mismatch in size and strain widening is related to 

the 𝜃 dependence [47]. Now Equation 3.4 stands as, 

𝛽ℎ𝑘𝑙 =
𝑘𝜆

𝐷
(

1

cos 𝜃
) + 4𝜀 tan 𝜃                    (3.5) 

      or,  𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+ 4𝜀 sin 𝜃                       (3.6) 
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Equation 3.6 has been visualized in Figure 3.4, where we have plotted βcosθ on the 

Y-axis against 4sinθ on the X-axis for all the samples. The slope of this linear curve 

serves as an indicator of the strain, while the intercept value provides information 

about the crystallite size. It's worth noting that the data points for BT and BST20 

exhibit some dispersion, implying an uneven distribution of crystallite sizes and 

micro-strain values [46]. An examination of the Williamson-Hall (W-H) plot reveals 

an interesting trend: the introduction of strontium into BT initially decreases the 

crystallite size within the tetragonal structure. However, at BST40, there's an 

increase in size before a subsequent decrease with a higher strontium content. This 

peculiar behavior may be attributed to a sudden structural phase change occurring 

within the sample, transitioning from a non-symmetric to a symmetric state [24,48]. 

The micro-strain values obtained from the W-H plot suggest that samples with 

smaller crystallites tend to have higher strain values, which aligns with previous 

findings reported by Khirade et al. [29]. Importantly, there's a notable difference in 

crystallite sizes calculated using the Scherrer method and the W-H plot. This 

disparity arises because micro-strain within the lattice significantly affects peak 

broadening. 
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Fig. 3.4 Williamson – Hall plot of (a) BT, (b) BST20, (c) BST40, (d) BST60, (e) 
BST80, and (f) ST samples. 

The Scherrer method considers the entire breadth of peak broadening, whereas the 

W-H plot method separates the two contributing factors to peak broadening [45,49]. 

Consequently, the full width at half maximum (FWHM) measured by the Scherrer 

method is greater than that obtained from the W-H method. Crystallite sizes 

calculated using these different methods for all the samples are tabulated in Table 

3.3. 



Chapter 3 

86 

 

Table 3.3 Calculated crystallite sizes and lattice strains of Ba(1-x)SrxTiO3 (0 ≤x ≤1) 
samples. 

x 0 0.2 0.4 0.6 0.8 1 

Crystallite 

size (nm) 

Scherrer’s method 38 28 40 37 30 45 

Modified Scherrer’s 

method 

42 30 45 41 32 53 

W-H plot method 78 61 93 77 73 100 

Lattice strain (×10-3) 1.49 2.35 1.43 1.48 2.03 1.27 

Fig. 3.5 shows the room temperature Raman spectra for the prepared samples of 

Ba(1-x)SrxTiO3, where x varies from 0.0 to 1.0. Within this spectrum, when examining 

BT, there are distinctive features. Specifically, there is a prominent and distinct peak 

at 268 cm-1, referred to as the A1(TO2) mode, and another one at 306 cm-1, denoted as 

E(TO3+LO) or B1 mode. These peaks are a result of the vibrations in the TiO6 

octahedral unit within the perovskite structure of the material [50].

 

Fig. 3.5 (a) Raman Scattering Spectra (b) FTIR spectra of Ba(1-x)SrxTiO3 (0≤ 𝑥 ≤ 1) 
ceramics. 

The presence of a peak at 516 cm-1 signifies vibrations resulting from the 

displacement of an oxygen atom [51]. Additionally, there is a distinct and intense 

interference dip observed at 183 cm-1, which can be attributed to the coupling 

between several modes, including A1(TO1), E(TO2), E(LO1) at 174 cm-1, and the 

A1(TO2) mode at 268 cm-1 [50]. Moreover, the scattering peaks at 306 cm-1 and 718 

cm-1 are characteristic features associated with the tetragonal structure of BaTiO3 

[52]. In the case of the BST20 sample, it is evident that the intensities of these two 
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peaks have decreased compared to BT. This decrease suggests that the addition of Sr 

results in a reduction in both the Curie transition temperature and the degree of 

tetragonality. At room temperature, ST exhibited a second-order spectrum 

characterized by peaks primarily resulting from the interaction of transversely 

polarized phonons [52]. The broadening of bands in the frequency ranges of 200 – 

400 cm-1 and 550 – 750 cm-1 is a clear indicator of the off-center motion of Ti4+ ions 

[53]. Within the first frequency range (200 – 400 cm-1), three peaks were observed. 

The peak at 250 cm-1 corresponds to a combination of 2TA, TO1 + TA, and 2TO1 

modes, while the peak at 305 cm-1 results from the combination of TO2 + TA, TO2 + 

TO1, and TO4 - TO2 modes [54]. The broad peak centered at 362 cm-1 originates from 

phonon modes associated with TO4 – TA, TO4 – TO1, and 2TO2. Due to the identical 

energy levels of TA and TO1, the peak at 619 cm-1 is attributed to TO4 combined with 

them [53]. The two remaining broad peaks at 680 cm-1 and 722 cm-1 result from the 

interaction of two phonons in the TO3 mode and TO4 + TO2 modes, respectively [53]. 

These characteristic patterns of broadened bands are particularly evident for values 

of x between 0.4 and 1.0. Therefore, it can be inferred that the phase transition from 

a tetragonal to a cubic structure occurs at x=0.4. Remarkably, BST40 displays a 

similar band pattern to ST and exhibits polar modes at 300 cm-1 and 518 cm-1. 

Previous studies using powder X-ray diffraction had already confirmed the cubic 

symmetry of BST40. However, the presence of polar modes in the Raman spectra of 

BST40 undoubtedly confirms the existence of polar nanoregions [55]. This 

discrepancy arises from the nature of the scattering processes in X-ray diffraction 

and Raman spectra. Raman scattering provides insight into short-range order, 

whereas X-ray diffraction measures the long-range order of the samples [55]. 

To dig deeper into the vibrational characteristics, FTIR absorption spectra for all the 

ceramic particles were conducted across a broad wavenumber range spanning from 

400 to 4000 cm-1, as illustrated in Figure 3.5(b). Within this spectral range, all the 

samples exhibited prominent peaks between 450 cm-1 and 650 cm-1, which are 

indicative of the Ti-O stretching vibration, a well-known characteristic [56]. In the 

case of undoped BT, the most striking peak appeared at 563 cm-1, and this peak can 

be attributed to the vibrational mode resulting from Ti-O stretching, a phenomenon 

previously reported [56]. As for the BST20, BST40, BST60, BST80, and ST samples, 

these modes were observed at 571 cm-1, 583 cm-1, 598 cm-1, 615 cm-1, and 638 cm-1, 
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respectively. The shift of these corresponding peaks towards higher energy values is 

associated with the reduction in lattice parameters, a characteristic that has been 

previously validated through XRD analysis. 

Vibrational frequency owing to Ti-O bond evaluated by Equation 3.7. 

            𝜈̅ =
1

2𝜋𝑐
√

𝑘

𝜇
                                   (3.7) 

where 𝜈 ̅is wavenumber, c represents velocity of light and k is average force constant 

and expressed by Equation 3.8. 

𝑘 =
17

𝑟3
                                                (3.8) 

The symbol "r" represents the length of the Ti-O bond, while "µ" signifies the 

effective mass of the Ti-O bond, as expressed by the following equation (Equation 

3.9). 

𝜇 =
𝑀𝑂𝑀𝑇𝑖

𝑀𝑂+𝑀𝑇𝑖
                                        (3.9) 

The table in Table 3.4 displays the calculated values of the average force constant and 

Ti-O bond length using the equations mentioned above. As the concentration of Sr2+ 

increases, the crystal volume decreases, causing a contraction in the distance 

between Ti4+ and O2-. Consequently, this leads to an increase in bond strength, 

resulting in a higher average force constant. These measured Ti-O bond length values 

align closely with the results obtained from the Rietveld Refinement of XRD 

patterns. 

Table 3.4 Calculated average force constant (k) and Ti-O bond lengths of all the 
samples. 

Sample Name BT BST20 BST40 BST60 BST80 ST 

Average force constant 

(k) (N/cm) 

2.24 2.30 2.40 2.53 2.67 2.88 

Ti-O bond length (Å) 1.96 1.95 1.92 1.89 1.85 1.81 
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3.3.1.2 Optical properties 

 

Fig. 3.6 (αhν)2 vs hν plot of the synthesized Ba(1-x)SrxTiO3 (0≤x≤1) ceramics. 

The study investigated the optical properties of BaTiO3 particles with the addition of 

strontium (Sr) using UV-Vis spectroscopy. Absorption measurements were 

conducted across the wavelength range of 250 to 700 nm. The calculated energy gap, 

known as the energy band gap (Eg), between the valence and conduction bands using 

the Tauc plot method [57] and Equation 3.10. 

                                                       (𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                     (3. 10) 
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the energy band gap (Eg) was determined by using certain parameters: α, which 

represents the absorption coefficient, h (Planck's constant), ν (the frequency of 

incident light), and A (an arbitrary constant). To obtain the Eg value, a plot was 

created with (αhν)2 on the y-axis and hν on the x-axis, as shown in Figure 3.6. The 

linear portion of the graph was extrapolated, and the point where the tangent line 

intersects the x-axis (where y=0) gives the band gap energy. The calculated Eg values 

for all the samples are presented in Table 3.5.  

Table 3.5 Band gap energy (Eg) of Ba(1-x)SrxTiO3 (0 ≤x ≤1) samples. 

x 0.0 0.2 0.4 0.6 0.8 1.0 

Eg (eV) 3.62 3.78 3.10 3.15 3.24 3.01 

Undoped BaTiO3 exhibited a band gap of 3.62 eV, consistent with the reported value 

in the literature [58]. In the case of BST20, the band gap value was found to be 

higher than that of BT. This increase is primarily attributed to the reduction in 

crystallite size, as confirmed by XRD analysis, in the BST20 sample compared to BT. 

As the crystallite size decreases, the atomic distances also shrink, resulting in 

stronger binding forces between valence electrons and the atoms in the valence band. 

Consequently, electrons require more energy to transition to the conduction band, 

explaining the higher Eg value for BST20. On the other hand, the decrease in band 

gap energy observed in the BST40 sample compared to BST20 may be attributed to a 

structural phase transition from tetragonal to cubic [59]. In tetragonal BT, the 

highest valence band state and the lowest conduction band state involve O 2p and Ti 

3d states, respectively. However, in cubic BT, the O 2p state shifts slightly upward, 

and the Ti 3d state shifts downward relative to their tetragonal counterparts [60], 

resulting in a decrease in the Eg value. This decrease aligns with previous reports 

[59,60]. In the cubic structured BST60 and BST80 samples, there was an increase in 

band gap energy to 3.15 eV and 3.24 eV, respectively, compared to the value of 3.10 

for BST40. This increase is likely linked to the reduction in crystallite size in the 

cubic phase of the material.  
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3.3.1.3 Morphological and elemental characterization of bulk pellets 

 

Fig. 3.7 FESEM image of sintered pellets of (a) BT; (b) BST20; (c) BST40; (d) 
BST60; (e) BST80; (f) ST. 

 

Fig. 3.8 EDX spectra and elemental composition percentage of (a) BT, (b) BST20, 
(c) BST40, (d) BST60, (e) BST80, and (f) ST pellets. 

Strontium titanate (SrTiO3) exhibited an Eg value of 3.01 eV, slightly lower than the 

reported values of around 3.2 eV [37]. It's important to note that band gap values can 
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also be influenced by lattice defects such as O-vacancies, which could contribute to 

this variation [61]. 

As mentioned earlier, to conduct electrical measurements on the synthesized 

samples, bulk pellets were prepared and subjected to sintering at 1350⁰C. Since the 

grain size of these bulk samples significantly influences their electrical properties, the 

morphology of the sintered pellets was examined using FESEM (Field Emission 

Scanning Electron Microscopy). Figure 3.7 displays the FESEM images of all the 

pellets. The average grain size was determined using ImageJ software, employing the 

linear intercept method. For the Barium Titanate pellet, the measured average grain 

size was found to be 18.08 µm. This grain size decreases with the increasing 

strontium content in the samples, a trend consistent with previous research [62,63]. 

Specifically, for BST20, BST40, BST60, BST80, and ST, the calculated average grain 

sizes were 13.48 µm, 8.01 µm, 4.67 µm, 3.13 µm, and 1.44 µm, respectively. 

Quantitative EDAX analysis showed no compositional impurities in the samples, as 

seen in Figure 3.8. 

 

Fig. 3.9 XPS (a) Survey spectra of BST40; core level spectra of (b) Ba 3d (c) Sr 3d 
(d) Ti 2p (e) O 1s. 

To gain qualitative compositional insights for BST40, we conducted an XPS (X-ray 

Photoelectron Spectroscopy) analysis. Figure 3.9(a) illustrates the survey spectra of 
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the synthesized ceramic powder, and high-resolution XPS spectra were obtained for 

Ba 3d, Ti 2p, Sr 3d, and O 1s as shown in Figure 3.9(b-e). The Ba 3d spectra exhibited 

two distinct peaks at binding energy values of 793.5 eV and 778.1 eV, corresponding 

to the 3d5/2 and 3d3/2 states, respectively. These peaks are indicative of the perovskite 

structure present in the BST40 sample [64]. The Ti 2p peak showed contributions 

from both Ti 2p1/2 (463.4 eV) and Ti 2p3/2 (457.6 eV), providing information about 

the titanium states in the material. The Sr 3d peak was split into two peaks at 133.9 

eV and 132.3 eV, denoted as 3d1/2 and 3d3/2, respectively, providing information 

about the strontium states in the material. The O 1s peak at a binding energy value of 

528.8 eV represented the oxygen states in the sample. Overall, the positions of the 

XPS peaks for all elements confirmed the presence of Ba in the 2+ state, Sr in the 2+ 

state, and Ti in the 4+ state in the BST40 material. 

3.3.1.4 Leakage characteristics 

Leakage current is a critical parameter that significantly influences the electrical 

 

Fig. 3.10 Leakage current density (J) characteristics of fabricated ceramic pellets 
with the variation of Electric Field (E). 

characteristics of bulk ceramics. In Figure 3.10, the behavior of leakage current 

density in response to an electric field ranging from -500 V/cm to 500 V/cm is 

depicted for all Ba(1-x)SrxTiO3 ceramics. At very low electric fields, the leakage current 

increases sharply as the electric field strength rises for all the samples. This sudden 
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increase in mobility, caused by the externally applied electric field and the 

subsequent rise in electron density, leads to the observed increase in leakage current 

[65]. This trend saturates at electric fields above 100 V/cm. Interestingly, the 

addition of strontium initially increases the leakage current, which then decreases as 

the strontium content approaches SrTiO3 (ST). At an electric field of 450 V/cm, the 

leakage current density values for BT, BST20, BST40, BST60, BST80, and ST are 

16.86 nA/cm2, 31.95 nA/cm2, 3.29 nA/cm2, 2.39 nA/cm2, 2.38 nA/cm2, and 1.35 

nA/cm2, respectively. 

3.3.1.5 Dielectric and impedance characteristics 

 

Fig. 3.11 Frequency dependency of (a) Dielectric Permittivity (b) Dielectric loss 
tangent of the Ba(1-x)SrxTiO3 pellets; (c) Dielectric Permittivity and Dielectric loss 
tangent at 1 KHz frequency with the variation of Strontium molar ratio; (d) AC 
conductivity vs Frequency of the fabricated pellets. 

Barium titanate (BaTiO3) is a well-studied material known for its ferroelectric and 

dielectric applications, characterized by its exceptionally high dielectric permittivity. 

In our study, we conducted a thorough examination of the dielectric properties of all 
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the ceramic samples produced. Figure 3.11(a) displays the frequency-dependent 

relative dielectric permittivity (ϵr) of all the samples at room temperature, spanning a 

wide frequency range from 100 Hz to 1 MHz. Notably, all the samples exhibit 

consistent dielectric permittivity across this frequency range, demonstrating 

excellent frequency independence. However, a subtle decline in permittivity as the 

frequency increases is observed around 106 Hz which can be attributed to the dipole 

relaxation mechanism [66]. Figure 3.11(b) illustrates the frequency-dependent 

dielectric loss tangent (tanδ) for all the samples. The tanδ values remain stable from 

100 Hz to 100 kHz and then experience a sudden increase. This observed behavior 

aligns with the Debye relaxation formula outlined in Equation 3.11 [67].                                                              

                                                                  𝑡𝑎𝑛 𝛿 =
(𝜖𝑟𝑠−𝜖𝑟∞)𝜔𝜏

𝜖𝑟𝑠+𝜖𝑟∞𝜔2𝜏2                               (3.11) 

The static dielectric permittivity (ϵrs) represents the permittivity of the material at 

zero frequency, while ϵr∞ is the permittivity where dielectric polarization comprises 

solely electronic and ionic contributions. The angular frequency is represented by ω 

and relaxation time is represented by τ. Dielectric loss in materials typically arises 

from two main factors: leakage current and polarization loss. At low frequencies, 

dipoles within the material have sufficient time to align themselves in response to the 

applied electric field. Consequently, in the low-frequency range, the tanδ, which 

primarily comes from leakage current, remains relatively small. However, as the 

frequency increases beyond 105 Hz, the dipoles in the material cannot keep up with 

the rapidly changing electric field, resulting in a sharp increase in the tanδ value. 

This behavior is attributed to the limitations in dipole alignment at higher 

frequencies [66]. Fig. 3.11(c) presents the variation of room temperature ϵr and tanδ 

values at 1 KHz frequency with the variation of strontium concentration in BaTiO3. In 

Ba(1-x)SrxTiO3 (x = 0, 0.2, 0.4, 0.6, 0.8, 1), permittivity upsurged at first up to x = 0.4. 

A decrease in grain size leads to a reduction in the number of domains, which in turn 

increases the stress within the material. According to Devonshire's 

phenomenological theory, an increase in stress values correlates with higher 

permittivity [68]. 

Among all the samples tested, BST40 exhibited the highest dielectric permittivity of 

~ 3986, which is nearly twice that of undoped barium titanate (BT). However, when 
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the strontium content in BT exceeded 40%, resulting in smaller grain sizes, no 

further increase in permittivity was observed. Instead, there was a reduction in 

permittivity. This decrease in permittivity after x = 0.4 is likely associated with a 

stronger effect than just stress, possibly related to the cubic crystal structure where 

no polar direction is present. The dielectric loss tangent value reached its maximum 

for the BST20 sample and then gradually decreased with increasing Sr2+ 

concentration. The high dielectric loss observed is primarily due to increased leakage 

current [67]. For instance, at room temperature and a frequency of 1 kHz, BT 

exhibited a dielectric loss tangent of 0.0175, which increased to a maximum value of 

0.0338 for the BST20 sample. The lowest loss tangent value of 0.0023 was observed 

in strontium titanate. Notably, the BST40 sample exhibited a tanδ value of 0.0098 

(at room temperature and 1 kHz frequency), which is even lower than that of BT. 

Consequently, the BST40 sample demonstrated both a high dielectric permittivity 

and a relatively lower dielectric loss tangent. 

 

Fig. 3.12 Temperature-dependent Dielectric Permittivity of Ba(1-x)SrxTiO3 pellets. 

The temperature-dependent dielectric permittivity at a frequency of 1 kHz for all the 

pellet samples is illustrated in Figure 3.12. As the temperature increases towards the 

Curie temperature (Tc), which is the transition temperature in ferroelectric materials, 

domains within the material separate into smaller polar nanoregions. This leads to 

the highest dielectric permittivity at Tc [69]. Above this transition temperature, the 

samples enter a paraelectric phase where spontaneous polarization diminishes, 

resulting in a decrease in ϵr [69]. For BT and BST20, the ferroelectric-to-paraelectric 



Chapter 3 

97 

 

transition peaks were observed at 127⁰C and 70⁰C, respectively. Notably, the curve 

for BST20 exhibited a broader nature compared to BT. According to previous 

reports, as the concentration of Sr2+ increases, the ϵr vs. T curve tends to show more 

diffuse characteristics, and the ferroelectric-to-paraelectric transition temperature 

(Tc) linearly decreases with a relation expressed as Tc (K) = 400 - 330x [70]. For 

values of x≥0.4, the transition temperature falls below room temperature, but this 

cannot be shown in the current study due to experimental limitations (lack of lower 

temperature availability). Previous reports indicate that Tc for BST40 is 

approximately 0⁰C [71]. The notably high dielectric permittivity observed for BST40 

can be attributed to the diffuse phase transition occurring near room temperature. 

The broadened nature of the ϵr vs. T curve for BST40 indicates that the dielectric 

permittivity remains high over a wide temperature range. This diffuse phase 

transition phenomenon mainly arises from compositional inhomogeneity and the 

irregular distribution of the strain field [72]. The combination of this dielectric 

anomaly with low dielectric loss in BST40 positions it as a valuable material for 

various applications, particularly in the field of microwave devices [73].  

The conduction mechanisms of the synthesized samples were investigated through 

the AC conductivity study. The AC conductivity was determined at a specific 

frequency using the formula provided in Equation 3.12: 

     𝜎𝑎𝑐=2𝜋𝑓𝜖0𝜖𝑟 tan 𝛿                                   (3.12)  

In this equation, σac represents the AC conductivity, f is the linear frequency, ϵ0 is the 

free space permittivity (equal to 8.854e-12 F/m), and ϵr denotes the relative dielectric 

permittivity. As depicted in Figure 3.11(d), the conductivity at room temperature 

increases as the frequency rises. Strontium titanate (ST) exhibits the lowest 

conductivity, while BST20 displays the highest conductivity due to its elevated 

dielectric loss tangent. This conductivity study suggests that the conductivity 

mechanism is predominantly influenced by the tanδ value. 
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Fig. 3.13 (a) Dielectric Permittivity (b) Loss tangent (c) AC conductivity with the 
variation of frequency at 2500C, 3000C, 3500C, and 4000C temperature of BST40 
pellet; (d) Activation Energy for the conduction process from Plot of ln𝜎dc vs 
(1000/T) for BST40. 

Considering our earlier experiments, which indicated that the BST40 sample 

exhibited favorable dielectric performance, we decided to further investigate its 

dielectric properties at elevated temperatures beyond room temperature. Figure 

3.13(a) illustrates the variation in dielectric permittivity (ϵr) of BST40 as a function of 

frequency within the temperature range of 250⁰C to 400⁰C. This graph highlights 

the dependency of ϵr on both frequency and temperature. In the low-frequency 

range, there is a significant decrease in dielectric permittivity as the frequency 

increases, followed by saturation to a constant value above 4 kHz. This decline in 

dielectric permittivity with increasing frequency, particularly at lower frequencies, is 

attributed to the Maxwell-Wagner effect [74]. This phenomenon arises from charge 

accumulation at interfaces due to differing relaxation times between charge carriers 



Chapter 3 

99 

 

in the grains and those at grain boundaries [75]. The accumulation of charges at the 

highly resistive grain boundaries leads to net polarization, initially increasing 

permittivity. In the high-frequency range, the reduction in dielectric permittivity is 

linked to the suppression of space charge polarization [76]. Moreover, in the low-

frequency range, there is a notable increase in ϵr with rising temperature. This 

enhancement is attributed to increased ion mobility and imperfections within the 

material [76]. Figure 3.13(b) provides insight into the frequency-dependent tanδ 

(loss tangent) of BST40 at the specified temperatures. At 250⁰C, the loss tangent 

decreases with increasing frequency across the entire frequency range. However, at 

temperatures ≥ 300˚C, a peak emerges in the tanδ vs. frequency graph. This 

distinctive relaxation peak is a result of polarization caused by space charge, 

contributing to both dielectric permittivity and loss tangent in the material [77]. The 

observed peak in the tanδ vs. frequency graph exhibits a shifting nature as the 

temperature increases. Specifically, this peak shifts from 159 Hz at 300⁰C to 705 Hz 

at 350˚C and further to 2595 Hz at 400˚C. This shift towards higher frequencies is 

attributed to relaxation phenomena stimulated by thermal effects. Along with this 

shifting trend, the intensity of the loss tangent peak also increases, indicating a larger 

accumulation of charge carriers [78]. 

To gain insight into the charge carriers and the conduction process, we investigated 

the frequency-dependent AC conductivity (σac) of BST40 at selected temperatures. 

Figure 3.13(c) illustrates the variation of σac with frequency at four specific 

temperatures (250˚C, 300˚C, 350˚C, 400˚C) in a log-log scale. These plots can be 

divided into two distinct regions. In one region, conductivity remains unaffected by 

an increase in frequency, known as the DC conductivity. In the other region, 

conductivity is highly dependent on frequency. According to the Jump Relaxation 

Model proposed by Funke [78], the DC conductivity at low frequencies can be 

attributed to the successful hopping of charged species to the nearest unfilled state 

[79]. The transition frequency at which the plateau region transforms to the steep 
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region is referred to as the hopping frequency [79]. This hopping frequency gradually 

shifts to higher values with increasing temperature. The conductivity component 

highly dependent on frequency progressively decreases with increasing temperature, 

indicating an accelerated hopping rate due to thermal activation. In accordance with 

Jonscher's power law, the AC conductivity in the frequency-dependent dispersive 

region can be described by the relationship given in Equation 3.13 [80]. 

       𝜎𝑎𝑐 = 𝜎ⅆ𝑐 + 𝑃(2𝜋𝑓)𝑛                                 (3.13) 

where 𝜎ⅆ𝑐 is the dc conductivity, P is the pre-exponential constant, f is frequency and 

n is the frequency exponent varies in between 0 and 1. The increase in DC 

conductivity with rising temperature signifies the Negative Temperature Coefficient 

of Resistance (NTCR) behavior exhibited by the material [76]. Figure 3.13(d) 

illustrates a linear fitting of the logarithm of the DC conductivity (ln(σdc)) against the 

inverse of temperature at 1 kHz. This linear relationship provides empirical support 

for the Arrhenius equation (Equation 3.14). 

 𝜎ⅆ𝑐 = 𝜎0 𝑒𝑥𝑝(−
𝐸𝑐𝑜𝑛𝑑

𝑘𝑇
)                               (3.14) 

Here, 𝜎0 represents a constant, k is the Boltzmann constant, T represents the 

absolute temperature and Econd stands for the activation energy associated with the 

conduction mechanism. It is a well-established fact that the activation energy, which 

measures the energy barrier for involvement in a DC conduction process, is 

temperature-dependent [28]. The measured activation energy at a frequency of 1 

kHz, calculated from the slope of the linear fit of ln(σdc) vs. 1000/T for BST40 within 

the experimental temperature range, was determined to be 0.90 eV. 
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Fig. 3.14(a) Nyquist Plot (−𝑍′′𝑣𝑠 𝑍′); variation of (b) real part of impedance (𝑍′) 
(c) imaginary part of impedance (𝑍′′) with the alteration of frequency; (d) 
activation energy from lnfmax vs (1000/T) graph for the relaxation process for 
BST40. 

To gain a more comprehensive understanding of the electrical properties related to 

the grain, grain boundary, and electrode interfaces of the BST40 pellet, impedance 

spectroscopy was done. This technique is valuable for distinguishing the 

contributions of the bulk material, inter-grain regions, and electrode interfaces. 

Impedance, represented by Z, consists of two components: the resistive real part (Zʹ) 

and the reactive imaginary part (Zʺ). To analyze the electrical properties of the active 

region within the ceramic, we utilized the Nyquist plot, a powerful tool in which Zʺ is 

plotted against Zʹ. In an ideal defect-free and homogeneous ceramic, the Nyquist plot 

typically exhibits a semicircle with its center positioned along the real axis [81]. The 

number of semicircles observed in the plot corresponds to the number of active 

regions within the ceramic [81]. A single semicircle can be modeled using a parallel 

RC circuit, which is characteristic of perfect Debye-type relaxation [81]. The total 

number of semicircles reflects the presence of multiple parallel RC circuits connected 

in series [81]. Within the Nyquist plot, the first semicircle in the high-frequency 
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region is associated with the grain's contribution, while the second semicircle 

corresponds to the inter-grain boundary [81]. The mathematical relationships 

describing these semi-circular arcs are provided by Equation 3.15 and Equation 3.16. 

 𝑍ʹ =
Rg

(1+RgωgCg)
2 +

Rgb

(1+RgbωgbCgb)
2                     (3.15) 

 𝑍ʺ =
𝑅𝑔

2

1+(𝑅𝑔𝜔𝑔𝐶𝑔)2 +
𝑅𝑔𝑏

2

1+(𝑅𝑔𝑏𝜔𝑔𝑏𝐶𝑔𝑏)2                    (3.16) 

In those equations, the symbols "g" and "gb" represent the grain and grain boundary, 

respectively, while the other symbols have their conventional meanings [76]. The 

intersections of the Nyquist plot with the Zʹ axis (X-axis) occur at points (0, 0), (Rg, 

0), and (Rg + Rgb, 0). These points allow for the determination of the grain and grain 

boundary resistance values [76].  

To describe these contributions, we analyzed the Zʹ and Zʺ impedance data over a 

wide range of frequencies (100 Hz – 1 MHz) and temperatures (250˚C – 400˚C). The 

Nyquist plots at all the experimental temperatures are presented in Figure 3.14(a). At 

250˚C, the Nyquist plot displays only one semicircle, indicating the presence of grain 

contribution exclusively. However, for temperatures ≥ 300˚C, the appearance of two 

semi-circular arcs are observed, which is attributed to grain boundary activation 

above 300˚C (as discussed earlier in the dielectric section). The radii of these semi-

circular arcs decrease as the temperature increases. It is a well-established 

phenomenon that the mobility of charged species increases with temperature [82]. 

Consequently, the space charge that accumulates at the grain boundary gains enough 

energy to overcome the barrier potential, leading to an increase in conductivity [82]. 

To fit the curves, we implemented a circuit model (previously used by Purohit et al. 

[83]). Alongside the parallel RC circuit, we added a constant phase element (CPE) in 

parallel. This addition ascribes to the fact that the plotted semicircles in Figure 

3.14(a) are not perfect circles, and the centers of the arcs lie below the Zʹ axis. This 

behavior is characteristic of non-ideal Debye-type relaxation [75]. This 

polydispersive relaxation arises from the inhomogeneity on the surface of the 

sample. All the temperature-related plots were fitted using the nearly brick layer 

model with the assistance of ZView2 software. The Zʹ vs. Zʺ plot at 250˚C closely 

matches the (RQC) model, where Q represents a constant phase element. For 
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temperatures ≥ 300˚C, the Nyquist plots are fitted with the (RQC)(RQC) model. The 

obtained values of electrical parameters such as Rg, Rgb, Cg, and Cgb are tabulated in 

Table 3.6. The results from Table 3.6 reveal that the resistance due to the grain is 

lower than the grain boundary resistance. This finding suggests that the grain is 

more conductive than its barrier region [28]. Both grain and grain boundary 

resistance decrease with increasing temperature, following the Arrhenius-type 

equation (Equation 3.17). 

 𝑅 = 𝑅0𝑇 exp (−
𝐸𝑎

𝑘𝑇
)                     (3.17) 

where Ea stands for the activation energy and from the slope of ln(R/T) vs (1/kT) 

graph it can be calculated (Fig. 3.15). Calculated values of activation energy for grain 

and grain boundary are measured from Fig. 3.15, measured values are 1.16 and 1.43 

eV, respectively. 

 

Fig. 3.15 Activation Energy from ln(R/T) vs (1/kT) graph for grain and grain 
boundary for bulk BST40 ceramic. 
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Table 3.6 Different electrical parameters obtained from Nyquist Plot fitting  

Temp 

(0C) 

Rg 

(Ohm) 

CPE1 Cg 

(F) 

Rgb 

(Ohm) 

CPE2 Cgb 

(F) 

250 5.60 x 106 5.79 x 10-8 2.37 x 10-10 - - - 

300 5.35 x 105 1.10 x 10-7 7.12 x 10-9 4.32  

x 106 

1.56  

x 10-6 

1.94  

x 10-10 

350 7.86 x 104 1.00 x 10-18 1.74 x 10-10 2.62  

x 105 

4.23  

x 10-7 

8.46  

x 10-10 

400 2.37 x 104 3.36 x 10-10 1.00 x 10-10 7.05  

x 104 

3.21  

x 10-7 

9.08  

x 10-9 

 

Additionally, we conducted analyses of Zʹ and Zʺ variations with frequency. The 

resistive impedance (Zʹ), exhibits some dispersion within the frequency range of 100 

Hz to 10 KHz across the entire temperature range from 250⁰C (as shown in Figure 

3.14(b)). This dispersion phenomenon is believed to be a result of the presence of 

space charge effects [83]. At high frequencies, the convergence of Zʹ into a single line 

indicates the liberation of space charges [83]. Conversely, at low frequencies, Zʹ 

decreases with increasing temperature, confirming the Negative Temperature 

Coefficient of Resistance (NTCR) behavior displayed by BST40 within the 

experimental temperature range.  

Figure 3.14(c) provides insight into the changes in Zʺ concerning frequency 

variations. In this graph, associated with each specific temperature, there is a peak 

indicating dipole relaxation. This peak arises when the frequency of the applied 

electric field matches with the hopping frequency of charge carriers [79]. This 

frequency is known as the relaxation frequency (fmax). The figure demonstrates that 

as the temperature increases, this relaxation frequency shifts to higher values. 

Moreover, the peaks become more dispersed in nature at higher temperatures. Each 

peak corresponds to a specific relaxation time, and the broadening of peaks at 

elevated temperatures suggests a flattening of the relaxation times. Within the 

experimental frequency and temperature range, the Zʺ vs. frequency graph in Figure 

3.14(c) displays only one peak, corresponding to the grain component. The relaxation 

frequency follows the relationship fmax = f0 exp(-Erel/kT), where Erel represents the 
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activation energy associated with the relaxation process. Figure 3.14(d) displays the 

plot of ln(fmax) as a function of (1000/T). A linear fit of these data points allows us to 

determine the activation energy of the relaxation process. The measured activation 

energy is 1.09 eV, slightly higher than the activation energy related to the conduction 

mechanism (0.90 eV). 

It is noteworthy to mention that within perovskite-structured lattices, the primary 

conducting entities are typically singly and doubly ionized oxygen vacancies. 

According to the Kroger-Vink notation, these oxygen vacancies lead to the generation 

of conducting electrons, as described by Equations 3.18 through 3.20 [84]. 

 𝑂𝑂
𝑥 → 𝑉𝑂 +

1

2
𝑂2                     (3.18) 

 𝑉𝑂 → 𝑉𝑂
∙ + 𝑒′                                      (3.19) 

 𝑉𝑂
∙ → 𝑉𝑂

∙∙+𝑒′                                        (3.20) 

During the low-temperature sintering process, singly ionized oxygen vacancies are 

generated, whereas at higher sintering temperatures, these singly ionized vacancies 

transform into doubly ionized oxygen vacancies. These conducting electrons facilitate 

the hopping process between Ti4+ and Ti3+ ions. During the cooling phase, re-

oxidation, predominantly occurs at the grain boundary region indicated in Equation 

3.21. 

2𝑉𝑂
∙ +𝑂2+2𝑒′ → 2𝑂𝑂

𝑥                              (3.21) 

Consequently, oxygen vacancies have a detrimental impact on permittivity and 

impedance, leading to changes in grain boundary resistance. This disparity between 

the grain and grain boundary creates a potential barrier [84]. The movement of 

oxygen vacancies is not confined to the lattice but contributes to the development of 

conductivity in the sample [85]. The high conductivity observed at elevated 

temperatures primarily arises from conducting electrons generated through the 

ionization processes described in Equations (3.19) and (3.20). In perovskite crystal 

structures, the activation energy is closely linked to deviations from the 

stoichiometric ABO3 composition. For example, it is 2 eV for a vacancy-free ABO3, 1 

eV for ABO2.95, and 0.5 eV for ABO2.90 [86]. The calculated values of oxygen vacancy, 

obtained from the conduction mechanism and relaxation phenomena, indicate that 
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oxygen vacancies are responsible for both processes. Previous reports suggest that 

singly ionized oxygen vacancies have activation energies in the range of 0.3-0.5 eV, 

while doubly ionized oxygen vacancies exhibit activation energies close to 1 eV [85]. 

The calculated activation energies for BST40 from the dielectric and impedance 

characteristics are nearly 1 eV, suggesting that both the conduction and relaxation 

processes are governed by doubly ionized oxygen vacancies [85]. There is a slight 

difference in the activation energy values obtained from conductivity and relaxation 

mechanisms. The activation energy from the relaxation mechanism is associated with 

the short-range migration of charge carriers from one site to another, maintaining a 

barrier potential between them. In contrast, the activation energy for the conduction 

process is a combined phenomenon involving charge carrier generation and long-

range hopping, resulting in a smoother path for dc conductivity. This accounts for 

the lower activation energy in the conduction process compared to the relaxation 

mechanism [87,88]. 

In the light of the above discussion, it can be concluded that doping 40 wt% of Sr2+ at 

the Ba site of BaTiO3 leads to the preparation of Ba0.6S0.4TiO3 (BST40), which 

exhibited a considerably high value of dielectric permittivity (~4000 at 1 kHz), low 

dielectric loss, low leakage current at ambient temperature and pressure. These 

improved intrinsic characteristic of the BST40 enables it as a good filler candidate to 

prepare the flexible PVDF based functional layer in order to develop the flexible 

piezoelectric energy harvesting device. In this respect it is worthwhile to be 

mentioned here that development of sufficient electroactive phase inside the PVDF 

polymer acts as the prerequisite for developing energy efficient PVDF based energy 

harvesters. Thus, before incorporation of such fillers inside the polymer matrix the 

type of surface charges should be examined as they play the pivotal role in the 

alignment of the polymer chain in the electroactive phase configuration [89]. 

Keeping this in mind the zeta potential measurement of the filler particles was 

carried out as illustrated in Fig. 3.16. It can be seen from the graph that the surface of  
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Fig. 3.16 Zeta Potential of the synthesized BST40 particle. 

the filler particles are negatively charged. Interestingly, this negatively charged 

surface of the filler particles will help the polymer chains of PVDF to be aligned in the 

all-trans conformation which is the desirable electroactive β phase. 

3.3.2. Characterizations of the BST/PVDF composites:  

3.3.2.1. Phase analysis of the bare PVDF and BST/PVDF composite: 

The prerequisite for creating an efficient energy harvesting device with strong power 

generation capabilities is the development of the essential electroactive phase within 

the polymer. Thus, an in-depth phase analysis of the synthesized composites is 

required to optimize the best suitable functional layer to fabricate the final energy 

harvesting device.  For this purpose, the Fourier transform infrared microscopy 

(FTIR) and X-ray diffraction (XRD) analysis of the bare PVDF and BST/PVDF 

composite films were carried out. FTIR analysis is considered to be beneficial in this 

aspect as it gives a quantitative investigation of the crystalline phases in PVDF in 

addition to the qualitative analysis. Though PVDF can exists in several phases, 

among all the of the possible crystalline phases, TGTG’ structure (α) exhibits 

minimum free energy [90]. Consequently, the bare PVDF film exhibits the maximum 

α-crystalline phase fraction at ambient temperature and pressure. Fig. 3.17(a) reveals 



Chapter 3 

108 

 

 

Fig. 3.17 (a) FTIR spectra of all the fabricated composite films in the wavenumber 
range of 1000 - 400 cm-1. (b) Relative β phase fraction of composite films with 
respect to BST40 weight%. (c) Extended view of the absorbance spectra of the 
composite films in between the wavenumber range 3100 cm-1 - 2900 cm-1. (d) X-
Ray Diffraction patterns of PVDF and 20BST40 sample. Inset shows the extended 
XRD patterns of both the samples in the Bragg Angle (2θ) range of 150 – 300. (e) 
FESEM image (f) enlarged FESEM image of the 20BST40 composite film.  

the FTIR spectra of the neat PVDF and composite films within the wavenumber 

range of 1000 cm-1 - 400 cm-1. The well recognizable peaks positioned at 976, 795, 

763, 613, 532 and 488 cm-1 for pure PVDF film are typically responsible to the α 
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phase conformation whereas the peaks positioned at 812, 510 and 840 cm-1 

represents the presence of the γ, β and β+γ phase, respectively [91]. Interestingly, the 

FTIR spectra reveals that the relative intensity of the peaks related to the α phase of 

PVDF decreases where the intensity of the peaks related to the β phase increases with 

the increasing filler concentration, upto a certain critical limit. Thus, the FTIR 

analysis infers a successful transformation of the non-polar α phase to the polar β 

phase with the impregnation of the filler particles. Now, in order to draw a 

comparative analysis of the electroactive β phase content inside PVDF characteristic 

α and β bands situated at 763 and 840 cm-1 were examined. The electroactive β phase 

content of all the composite films can be calculated keeping in mind that the infrared 

absorbance follows the Lambert-Beer Law [92]. According to the law, percentage of β 

phase can be derived from the following relation given by Equation (3.22). 

𝐹(𝛽) =
𝐴𝛽

(
𝑘𝛽

𝑘𝛼
𝐴𝛼+𝐴𝛽)

×  100%                                    (3.22) 

where, Aβ and Aα are the intensity in arbitrary unit of the peak at 840 and 763 cm-1 

respectively. kα and kβ are absorption coefficients valued as 6.1 x 104 and 7.7 x 104 

cm2/mol, respectively. It can be seen from Fig. 3.17(b) that, the maximum 

electroactive β phase fraction (~90 %) can be achieved with the loading of 20 wt% of 

the filler. Whereas the β phase fraction for bare PVDF was found out to be ~ 55%. 

Thus, with the incorporation of fillers upto a certain concentration can significantly 

enhance the electroactive β phase fraction inside the polymer matrix. However, the 

decrease in β phase fraction after 20 wt% BST40 loading in PVDF can be readily 

attributed to the agglomeration of the BST40 particles inside polymer matrix 

[93,94]. Such a significant enhancement of the β phase fraction with the filler loading 

can be assigned to the efficient interaction between the filler particles and PVDF 

matrix. In order to confirm, the possible electrostatic interaction between the filler 

and polymer matrix, the FTIR absorption spectra within the wavenumber region of 

3100-2900 cm-1 (Fig. 3.17(c)), where the characteristic bands for symmetric (νs) and 

asymmetric stretching (νas) vibration of -CH2 dipoles are situated, was explored [93]. 

As depicted by the figure, there is a ssuccessive shifting of the vibrational bands 

towards lower wavenumber region with the increment of filler concentration 

validates the interaction between -CH2 dipole of PVDF and BST40 particle surface. 

Negative surface charge of the fillers as depicted in Fig. 3.16 leads to this electrostatic 
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interaction with the positive –CH2 dipole of the polymer chain, which results in the 

alignment of the polymer in all trans (TTTT) conformation.  

As concluded from the FTIR analysis that the maximum β phase fraction was 

obtained with 20 wt% loading of BST in PVDF, therefore to have a further analysis of 

the phase fraction as well as crystallinity of the 20BST40, XRD analysis was carried 

out. Fig. 3.17(d) shows the XRD diffraction patterns of neat PVDF and 20BST40 

composite films. The presence of the characteristic peaks related to BST40 in the 

XRD pattern of the 20BST40 composite confirms the successful inclusion of fillers in 

the polymer matrix.  The inset of Fig. 3.17(a) shows the extended view of the XRD 

patterns with 2θ ranging from 15⁰ to 30⁰ which confirms the presence of distinctive 

peaks of PVDF around 2θ = 20⁰. The peaks positioned at 17.7⁰, 18.3⁰, 19.9⁰ and 

26.6⁰ for neat PVDF confirms the abundance of non-polar α phase in the bare 

polymer [91].  However, incorporation of the fillers results in the appearance of a 

prominent peak positioned at 20.3⁰ with a complete disappearance of the peak 

centered at 26.6⁰ and 17.7⁰, which readily confirms the presence of polar β phase in 

the composite [91]. Thus, the XRD results also confirm that the incorporation of 

BST40 leads to the transformation of the non-polar α phase to electroactive 

orthorhombic β phase. Also, uniform mixing and distribution of BST40 filler within 

PVDF matrix was also confirmed from the FESEM characterization of 20BST40 film 

presented in Fig. 3.17(e and f). 

3.3.2.2. Dielectric properties 

The mechanical energy harvesting performance of composite films based on PVDF is 

significantly influenced by the dielectric permittivity. Therefore, it is essential to 

study the dielectric properties of the fabricated composite films, which will act as the 

heart of the piezoelectric energy harvesting device. The room temperature frequency 

variation of the dielectric properties over a wide frequency range of 100 Hz – 1 MHz 

of the neat PVDF and the composite films are shown in Fig. 3.18(a). The figure shows 

a significant increment in the value of the dielectric permittivity with the increment  
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Fig. 3.18 Variation of (a) dielectric permittivity (b) dielectric loss tangent with a 
function of frequency (100 Hz – 1 MHz) at RT. (c) Dielectric permittivity and 
dielectric loss tangent values with the variation in BST40 filler weight % at 1 KHz 
frequency. (d) AC conductivity of all the composite films with the change in 
frequency. 

in the filler loading for the entire frequency range. According to Lewis's model [95], 

as a particle infiltrates a polymer matrix, the surface of the particle becomes charged 

because of the chemical potential disparity. Subsequently, the polymer responds to 

neutralize the charge accumulation on the particle surface by generating opposing 

charges in the vicinity of the filler's surface, and this region is referred to as the Stern 

layer. Whereas, the rest portion of the polymer matrix is known as the diffusion 

layer. Since the Stern layer acquires an opposite charge in comparison to the particle 

surface, the charges within the diffusion layer reorganize themselves due to the 

influence of Coulomb interaction [96,97]. Due to this rearrangement of charges, the 

dielectric permittivity of the polymer composites increases with the increase in filler 

loading in polymer matrix. Whereas, as per the Tanaka’s model [98], the filler 

incorporation in PVDF is described as the formation of three layers over the particle 
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named as bonded layer, bound layer and loose layer. The presence of a bound layer 

adversely affects the alignment of dipoles within ceramic particles, while the loose 

layer reduces the available space within the PVDF matrix. These combined effects 

result in a lower dielectric permittivity for the polymer composite compared to the 

ceramic material [99]. Conversely, Lichtenecker's model suggests that the dielectric 

permittivity of a PVDF composite system is determined by the intrinsic permittivity 

of each component and their overall interaction [100]. These theories help us to 

understand the obtained values of the dielectric permittivity of the composites, which 

are still lower than the dielectric permittivity of the ceramic fillers. Another 

important feature of the frequency variation of the dielectric permittivity from Fig. 

3.18(a), reveals a decrease in dielectric permittivity with the increasing frequency. 

This can be explained as, at lower frequency, due to the presence of all four varieties 

of polarization (space charge, dipolar, electronic and ionic polarization) the dielectric 

permittivity is higher whereas at higher frequency (~106 Hz) the polarization 

contribution from space charge diminishes, which results in a decrement in the 

overall permittivity value [101]. Again, the sudden decrement in εr at nearly 1 MHz 

frequency can be attributed to the dipolar relaxation phenomenon occurring at this 

frequency. 

Along with dielectric permittivity, dielectric loss tangent (tanδ) is also a significant 

parameter, which plays a key role to finalise the output performance of the energy 

harvesting device. Dielectric loss tangent mainly originates due to the absorption of 

absorbed energy by the respective material on the application of a certain electric 

field. Thus, in order to fabricate an efficient energy harvesting device with adequate 

power density it is desirable to choose a functional layer with a loss tangent loss. Fig. 

3.18(b) shows that though the value of tanδ is low at lower frequency level, however 

an increment in the value can be observed with the incorporation of BST40 filler in 

the PVDF matrix. Such an increment can be readily attributed to the space charge 

polarization gained from the filler materials. A closer observation to the Fig. 3.18(b) 

reveals a sudden increment in tanδ for all the composite films after 100 kHz. Now, 

this is due to the fact that, at high frequency, dipoles are incapable of orienting 

themselves along the applied field direction due to short time span. As a result, some 

polarisation loss arises which causes this spike in the loss tangent graph and also the 
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sudden decrement in dielectric permittivity value. This spike represents the glass 

transition relaxation of PVDF [102]. 

As observed in Fig. 3.18(c), the room temperature dielectric permittivity and 

dielectric loss tangent values, at a frequency of 1 kHz, exhibit a clear dependence on 

composition. These values show a notable increase, with the dielectric permittivity 

rising from 7.13 to 29.85 and the loss tangent increasing from 0.034 to 0.067 as we 

transition from bare PVDF to the 60BST40 sample. Therefore, it can be considered 

that the BST40 is an efficient filler material to manipulate the dielectric nature of the 

PVDF. Fig. 3.18(d) shows the ac conductivity of the composite films as a function of 

frequency. It can be observed from the figure that, with the increment in frequency, 

ac conductivity also increases. With the increase in the filler concentration BST40 

inside PVDF matrix, there is an increase in conduction network which 

simultaneously augments the ac conductivity values [103]. The enhancement of 

PVDF's dielectric properties through the addition of BST40 to its matrix implies that 

the energy storage capability is likely to see improvement as well.  

3.3.2.3 Ferroelectric and energy storage performance 

For real life capacitor application of any material, energy storage density is a vital 

parameter. As the dielectric permittivity value of the PVDF based composite films 

continuously increased in the present work with the increase in ceramic filler 

incorporation, it is expected that the energy storage density will also be increased. 

[103,104] To explore the energy storage capacity and ferroelectricity of BST40/PVDF 

composite films, the electric displacement (D) vs electric field (E) loops were 

assessed. Fig. 3.19(a) reveals the room temperature D vs E loops of the fabricated 

composite films upon the application of 1 Hz triangular waveform. Due to the 

limitation of experimental setup (unavailability of higher applied field) the saturation 

in D vs E curves could not be achieved in the present work. On the application of 

same electric field, the composite films showed the increasing nature of maximum 

electric displacement (Dm) and remnant electric displacement (Dr) with the 

enhancement in filler loading (Fig. 3.19(b)). These enhancements in Dr and Dm 

attribute to the improvement of ferroelectric properties. From the study of ac 

conductivity, it was proven that there is enhancement of conduction pathway which 

also has a simultaneous contribution in increasing the leakage current. This leakage 
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current along with displacement current promoted improved ferroelectricity in 

BST40 incorporated PVDF composite films [103]. Another interesting feature of the 

obtained ferroelectric hysteresis loop is that, for all the composite films there is a 

“gap” in the hysteresis curve at zero electric field. This ascribes to the statement that 

the dipoles were not able to return to its original position after the elimination of the 

applied field. This disparity in displacement between initial and finishing electric 

field got enlarged with the increased BST40 inclusion in PVDF. This type of nature is 

a clear manifestation of high conduction loss [105,106].  

 

Fig. 3.19 (a) Ferroelectric Displacement vs. Electric field (D vs E) curve, bar chart 
of (b) Remnant and maximum polarization (c) Energy density and energy storage 
density (d) Energy storage efficiency of all the composite films. 

As PVDF is not a linear dielectric material, the energy storage density of the PVDF 

based composite films can be evaluated from their ferroelectric hysteresis loops 

(through desired loop area calculation) by employing the following relation given by 

Equation 3.23. 
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𝑈𝑠 = ∫ 𝐸 ⅆ𝐷
𝐷𝑚

𝐷𝑟
   (3.23). 

Calculated values of the total energy density and stored energy density are shown in 

Fig. 3.19(c). Energy storage density increased from 62.08 μJ/cm3 for bare PVDF to a 

value of 131.6 μJ/cm3 for 40BST40 film at 15 kV/cm. From this result, it is clear that 

the dielectric energy storage density increased with the BST40 filler incorporation in 

PVDF matrix. For the application of the PVDF based composite films as energy 

storage materials, energy storage efficiency plays a dominant role. Energy storage 

efficiency (η) can be deduced utilizing the Equation 3.24 [107].  

𝜂 =
𝑈𝑆

𝑈𝑆+𝑈𝐿
× 100%   (3.24) 

where, US and UL are energy storage density and energy loss density, respectively. 

Fig. 3.19(d) represents the bar graph of η for all the composite films. Though the 

energy storage density increased with the increase in the amount of filler loading, the 

energy storage efficiency got reduced. Measured η for neat PVDF film was 70.4% and 

for 10BST40 and 20BST40 the values decreased to 68% and 67.8% respectively. 

Declining nature of η usually happens for every filler material. 

3.3.2.4 Leakage characteristics  

Energy storage properties of a material are highly dependent on the current leaking 

through the sample in between two electrodes. Fig. 3.20 shows the voltage 

dependent leakage current density of the fabricated composite films. The gradual 

increase in leakage current density with the successive increase in filler loading was 

observed from this figure. Incorporation of BST40 filler inside PVDF caused higher 

conductive pathway which simultaneously increased the leakage current [104]. From 

all the curves, it is clear that the leakage current is also dependent on the applied 

voltage. This leakage current behavior also authenticates the increment in 

conductivity which is already described during explanation of ac conductivity and 

ferroelectric properties. 
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Fig. 3.20 Leakage current behavior of all the composite films on the application of 
electric field. 

3.3.2.5. Piezoelectric behaviour 

 

Fig. 3.21 (a-c) topography image, amplitude image and corresponding phase 
image of the 20BST40 sample on a surface area of 5 x 5 μm2. (d) Obtained 
amplitude vs applied dc bias voltage of ± 40 V. (e) Corresponding produced phase 
hysteresis loop on the application of ± 40 V dc bias voltage. 
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To investigate the piezoelectric characteristics of the manufactured composite films 

for potential mechanical energy harvesting applications, it is crucial to conduct a 

study. The most commonly employed technique to elucidate the ferroelectric and 

piezoelectric properties of a sample is Piezoelectric Force Microscopy (PFM). In PFM 

measurements, a domain image is acquired by utilizing the principle of the inverse 

piezoelectric effect, where a low AC voltage is applied to the probe to detect 

nanoscale piezoelectric strain on the sample's surface [108]. From the FTIR analysis it 

was observed that the composite with 20 wt % loading of BST40 exhibits the 

maximum electroactive phase fraction, thus to have a more in-depth analysis, PFM 

characterization of the sample was carried out. Electroactive response produced by 

the applied electric field by the tip was thoroughly investigated in a surface area of 5 

x 5 μm2 of the 20BST40 sample and the topography image is shown in Fig. 3.21(a). 

Whereas, the amplitude response and the polarization phase images are displayed in 

Fig. 3.21(b) and Fig. 3.21(c), respectively. The contrast difference between dark and 

bright areas on the images clearly demonstrates the presence of oppositely polarized 

domains [109,110]. Such bright and dark spots formation is related to the positive 

and negative domains, respectively [111]. The piezoelectric amplitude loop, as 

depicted in Figure 3.21(d), exhibits a butterfly-like shape when subjected to a direct 

current bias voltage ranging from -40 V to +40 V. This observation provides evidence 

for the piezoelectric properties of the 20BST40 sample to some extent [109]. In order 

to authenticate the ferroelectric attributes, phase response was also studied as shown 

in Fig. 3.21(e). The polarisation phase behaviour exhibits a 180⁰ phase difference, 

which clearly demonstrates the presence of 180⁰ domains [112]. A careful 

observation of the phase loop, shows that the hysteresis loop has slightly moved to 

the negative X axis. This movement may be a plausible contribution from the pinning 

effect originated from the internal bias, oxygen vacancies, etc [112]. The hysteresis 

loop is relatively narrow indicates that the sample can be easily switched by applying 

a low electric field [113]. Therefore, the findings from the Piezoelectric Force 

Microscopy (PFM) study suggest that the composite films that were fabricated are 

well-suited for applications in piezoelectric mechanical energy harvesting. 
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3.3.2.6. Piezoelectric energy harvesting performance 

 

Fig. 3.22 (a) Open circuit output voltages (b) Bar chart of average open circuit 
voltages of all the fabricated film samples on the application of ~10 N at a rate of 5 
Hz. 

In order to investigate the effectiveness of the functional layers (containing varying 

filler concentration) to fabricate energy efficient piezoelectric energy harvesting 

devices (PEH), the energy generation capability of all the fabricated PEH devices 

(using composite films with varying filler concentration) were studied. It is well 

known that human motion-based bio-mechanical energy is considered to be the most 

abundant source of mechanical energy. Thus, in order to utilise the efficacy of the 

fabricated PEH devices to scavenge human motion-based bio-mechanical energies 

the electrical output generated from the PEH devices upon the application of 

periodic tapping force of ~ 10 N at a rate of nearly 5 Hz was analysed. The effective 

area of all the composite films was 6 cm2 (2 cm x 3 cm). The open circuit voltage 

(VOC) patterns obtained from different PEH devices are shown in Fig. 3.22(a). In this 

context it is worthwhile to be mentioned here that no external poling process has 

been applied in the present case thus stress induced polarization of the functional 

layers of the device act as the sole contributor towards the generation of the output 

signals [114]. Fig. 3.22(b) shows the comparative study of the average output voltage 

VOC obtained from the fabricated energy harvesters. Pristine PVDF shows an average 

output voltage of ~ 4 V whereas the VOC increased up to ~ 15 V for 20BST40. 

However, there is a decrement in the output voltages beyond 20 Wt% percent 

loading of the fillers, which is in a well agreement with the results obtained from the 

FTIR analysis of the composite films. This can be attributed to the presence of a less  
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Fig. 3.23 Possible piezoelectric voltage generation mechanism 

dominant dipole alignment in composites with a low β phase, as the energetically 

stable α phase is prevalent. In contrast, a higher β phase ensures more pronounced 

dipole arrangements when subjected to external stress [114]. The filler particles 

inside PVDF act as the stress concentration centres which enhance the inner 

deformation and augment the piezoelectric outputs [115,116]. The degradation in the 

value of VOC for higher concentration of the fillers may be assigned to the higher 

agglomeration of the BST40 particles inside PVDF. Therefore, in light of the above 

discussion, PEH device fabricated using 20BST40 composite was considered as the 

optimized PEH, and was used for further analysis. Feasible perception about 

piezoelectric voltage generation can be elucidated by sketched mechanism as 

illustrated in Fig. 3.23. Initially, due to the abrupt arrangement of the dipoles the 

generated piezo potential is zero. However, on the application of perpendicular 

compressive stress, the dipoles arrange themselves along the force direction and as a 

result of this high directionality of the dipoles due to stress induced polarisation, 

there is certain induced charge generation across the electrodes [109,117]. Therefore, 

the generation of positive peak is a consequence of created positive piezo-potential. 

Afterwards, on the removal of applied stress, potential diminishes, as a result of the 

proceeding of gathered electrons along the opposite direction, which in turn 

produces the negative pulse [109]. Fig. 3.23 also displays the piezoelectricity 

generated single waveform pattern.  
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Fig. 3.24 (a) Average piezoelectric output voltage and output current values with 

the variation in load resistances (100 kΩ – 20 MΩ) for 20BST40 sample. (b) 

Calculated corresponding output power density for the sample. (c) Charging and 

discharging of a capacitor of capacitance 2.2 μF under repeated finger tapping for 

200 s. Inset displays the bridge rectifier circuit used for the charging and 

discharging. (d) LED off condition and during the discharging through the 

capacitor, it was capable to light up some red LEDs connected parallel. 

Real life application of any energy harvesting device depends upon the output power 

generation capabilities of the fabricated PEH. Therefore, the voltage generation 

capability of the optimised PEH using external load resistance (105 – 2 x 107 Ω) was 

studied. Fig. 3.24(a) shows the load voltage (VL) and the load current (IL) at some 

specific load resistances. The load current was calculated by dividing the load voltage 
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by corresponding resistance values. As seen from the figures that the voltage (VL) 

across the load resistance increases with the increment in load resistance whereas IL 

shows a opposite behaviour. The output power density (PL) of the device can be 

calculated using the formula, PL = (IL x VL) / A, where, A is the active area of the 

energy harvester device. Fig. 3.24(b) presents the output power density at different 

load resistances which exhibits the clear demonstration of the enhancement of power 

density with load resistance up to 2 MΩ and after that PL decreased. Obtained 

optimum power density was 6.75 μW/cm2 at 2 MΩ (the internal impedance of the 

fabricated energy harvester is also ~ 2 MΩ). This is a transparent corroboration of 

the fact that the maximum power can be procured when there is a match between 

internal and external impedance values. Further, the output ac voltage obtained from 

the device under finger tapping was converted to dc signal using bridge rectifier IC 

(DB107) and the obtained voltage was used to charge a commercial capacitor with a 

capacitance value of 2.2 μF (Fig. 3.24(c)). Circuit diagram utilised to convert ac 

voltage to dc voltage is displayed in Fig. 3.24(c). In the case of capacitor charging, we 

deliberately avoided connecting the oscilloscope to prevent any potential discharge 

through it. After tapping the capacitor repeatedly for 200 seconds, the capacitor 

reached a charge level of approximately 3.8 V. The discharge data was obtained by 

connecting the oscilloscope after this initial 200-second charging period. Figure 

3.24(c) demonstrates the visualization of the charging and discharging curves. 

During the discharging of the capacitor, the energy stored in the capacitor was 

utilised to instantly light up some commercial red light emitting diodes (LED) as 

shown in Fig. 3.24(d).  

 

A portion of this chapter appeared as  

S. Maity, A. Sasmal, S. Sen, “Barium Titanate based paraelectric material incorporated 

Poly(vinylidene fluoride) for Biomechanical Energy Harvesting and Self-Powered 

Mechanosensing”, Materials Science in Semiconductor Processing, 2023, 153, 

107128. 
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Fig. 3.25 generated open circuit voltage patterns under the mechanical stimuli like 
(a) stretching of the film, (b) bending of the film, (c) rolling a cylindrical sample 
above the composite film and (d) dropping of a free-falling rubber ball. 

Further, the capability of the optimised PEH to harvest energy from the different 

motions such as stretching, bending, rolling and dropping of ball, were also studied 

as shown in Fig. 3.25(a-d). Owing to the flexibility as well as stretchability of the 

fabricated energy harvester, the energy harvester was capable enough to generate 

voltage output from such fine motions. Thus, the output generated from the device 

under bio-mechanical motion such as finger tapping and other fine motions confirms 

its applicability as a potential piezoelectric energy harvester. 
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3.3.2.7. Performance of the optimised piezoelectric energy harvester as a 
static pressure sensor 

 

Fig. 3.26 Time dependent static pressure tracking by changing the applied 
pressure in the form of computing (a) capacitance and (b) impedance. Linear fitting 
of (c) relative change in capacitance and (d) relative change in impedance with a 
function of applied static pressure. 

The fabricated energy harvesters were further utilised as static pressure sensor to 

monitor pressure variation. Fig. 3.26(a) and Fig. 3.26(b) show the variation of 

capacitance (C) and impedance (Z) value with the application of an increasing 

amount of static pressure upon the optimised PEH. From these plots, it can be seen 

that the value of the capacitance increases whereas the impedance decreases with the 

increment in pressure from 0.14 to 0.69 kPa. This variation can be typically due to 

the fact that upon the application of an external static pressure, minor compressive 

contractions occur inside the sample, which augments the connection path resulting 

in the change of the capacitance or impedance value [118,119]. Now, it is well known 

that real life applicability of any pressure sensor depends upon its linearity. Thus, as 

a static linear pressure sensor the relative change in capacitance (𝛥𝐶 ∕ 𝐶0) (where, ΔC 
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= (C - C0) and C0 = capacitance without applied pressure) and the relative change in 

impedance (𝛥𝑍 𝑍0⁄ )  (where, ΔZ = (Z - Z0) and Z0 = impedance without applied 

pressure) must change linearly with the static applied pressure. From the Fig. 3.26(c) 

and Fig. 3.26(d) it is clear that the relative change in capacitance and impedance with 

a function of static pressure follows a linear trend with the fitting factor R2>0.96 

[118]. From the slope of these fitting curves, sensitivity of the sample towards 

pressure can be calculated. Here in the experimental pressure range, the sensitivity 

of the 20BST40 energy harvester device was found out to be 14.94 MPa-1 which 

supports that the device can be comfortably used as an efficient static pressure 

sensor. 

3.4. Conclusion 

In summary, this chapter demonstrates the promise of utilizing Ba0.6Sr0.4TiO3 

(BST40) particles, synthesized through the traditional solid-state reaction method, as 

effective fillers for the creation of efficient piezoelectric energy harvesting devices. 

The filler underwent structural analysis, confirming its pure phase with a 

centrosymmetric space group, indicating its non-ferroelectric nature. Elemental 

analysis of the filler verified the presence of the desired elements, free from 

impurities. Moreover, the effective integration of the filler into the matrix was 

confirmed through XRD characterization of the composite film. The FTIR analysis 

demonstrated a notable enhancement in the polar phase of PVDF after the addition 

of BST40 filler to the matrix. Through the incorporation of various concentrations of 

BST40 filler particles, the composite films' phase formation, dielectric and 

ferroelectric properties, energy storage capabilities, and energy harvesting 

performance were effectively tailored. The composite film that exhibited the most 

efficient mechanical energy harvesting performance was further applied for energy 

harvesting from different motions such as bending, stretching etc and effective static 

pressure sensing. Thus, the effective use of specific filler at a critical weight 

percentage can significantly augment different physiochemical properties of the 

flexible polymer substrate thereby paving the way towards effective flexible bio-

mechanical energy harvesters with adequate power density.  
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Chapter 4 

Multiphase Coexisted Perovskite/PVDF-based 
Piezo-Tribo Hybrid Energy Harvester: A 
Wearable Flexi-Electronic for Real-Time 

Wireless Smart Applications 
 

4.1 Introduction 

From the previous chapter, we have seen that the incorporation of BST40 inside 

PVDF augmented piezoelectric energy generation performance to some extent. As 

BST40 has a centrosymmetric crystal structure, it shows no piezoelectricity. 

Though BST40/PVDF composite-based piezoelectric energy harvester showed 

greater power production capability than the mere PVDF-based piezoelectric 

energy harvester. It was mainly due to the enhancement in the polar phase of the 

PVDF polymer part. That is why it was not able to generate enough power as far as 

application purposes are concerned. As per the scientific community's consensus, 

the incorporation of piezoelectric ceramic fillers is expected to significantly 

enhance the efficiency of piezoelectric energy harvesting in PVDF composite films  

[1,2]. That is why in this specific work we have synthesized barium titanate based 

piezoelectric material with high piezoelectricity. In this regard, it is worthwhile to 

mention that this PEH device faces some limitations in output generation 

performances. Meanwhile, TEH devices have outperformed the PEH devices in 

energy generation efficiency. In this chapter, we have taken advantage of these two 

energy generation procedures (piezoelectric energy harvesting and the 

triboelectric energy harvesting) by hybridizing these two approaches in a single 

device. 

4.2 Experimental 

The modified Pechini method was used to synthesize (Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 

(BCHT) particles (details are described in Chapter 2). The synthesized BCHT 
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particles were then employed as a filler to fabricate flexible PVDF-based composite 

films using a straightforward solution casting method (details are mentioned in 

Chapter 2). As per the loaded BCHT wt% inside PVDF, the composite films are 

named 5BCHT, 10BCHT, and 15BCHT for 5, 10, and 15 wt% loaded BCHT 

respectively. Piezoelectric energy harvesting device, Triboelectric energy 

harvesting device, and piezoelectric assisted triboelectric hybrid energy harvesting 

device were fabricated and the output properties in terms of output voltage and 

output current were studied. The details methods and techniques are elaborated 

in Chapter 2. 

4.3 Results & Discussions 

4.3.1 Characterization of fillers 

4.3.1.1 Structural characterizations 

 

Fig. 4.1(a) Rietveld refined XRD pattern of synthesized BCHT particles, (b) 
relative phase percentage from the Rietveld refined XRD result, (c) Raman 
spectrum of the synthesized BCHT particles. 
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X-ray Diffraction (XRD) analysis was conducted on the synthesized BCHT powder 

sample to investigate both its crystalline phases and purity. The presence of well -

defined peaks in the XRD pattern of the BCHT particles confirms that they have a 

crystalline structure (as shown in Fig. 4.1(a)). Furthermore, the absence of any 

unwanted impurity-related peaks in the XRD pattern confirms that the 

synthesized BCHT is pure. To gain a more detailed understanding of the various 

phases present in the synthesized BCHT powder, Rietveld refinement of the XRD 

data was conducted using the Fullprof software package. A careful examination of 

Fig. 4.1(a) reveals that the XRD data closely matched a model featuring the 

coexistence of three phases: Orthorhombic (O) Amm2, Rhombohedral (R) R3m 

(with a hexagonal axis), and Tetragonal (T) P4mm. This model had an excellent 

goodness of fit (χ2) value of 1.23. The Rietveld analysis provided phase fractions 

(measured) for the Amm2, R3m, and P4mm phases, which were determined to be 

14.53%, 9.79%, and 74.68%, respectively (as shown in Fig. 4.1(b)). The relevant 

parameters obtained from the fitting process, along with fitting factors, are 

presented in Table 4.1. In summary, the XRD pattern of the synthesized BCHT 

particles indicates the presence of three distinct phases (Amm2, R3m, and P4mm) 

due to the formation of a morphotropic phase boundary. It is noteworthy that the 

creation of a morphotropic phase boundary in ceramic fillers can significantly 

enhance their piezoelectric properties, leading to a higher piezoelectric charge 

coefficient (d33). The Raman spectrum displayed in Fig. 4.1(c) shows the presence 

of key bands associated with the tetragonal nature of BaTiO3. Peaks centered at 

301 cm-1, 517 cm-1, and 715 cm-1 can be attributed to the distinctive bands of the 

tetragonal (P4mm) structure [3,4] present in BCHT. Again, the presence of peaks 

at 109 cm-1, 169 cm-1, and 187 cm-1, along with interference dips at 125 cm-1 and 

176 cm-1, clearly indicate the distinct Rhombohedral distortion of the BCHT 

sample [5,6]. Additionally, the emergence of an additional phonon vibration mode 

at approximately 249 cm-1 can be assigned to the Orthorhombic phase of BaTiO3 

[7]. Therefore, the Raman vibration spectrum provides strong evidence for the 

coexistence of multiple phases at room temperature. 
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Table 4.1. Rietveld Refinement fitted lattice parameters and fitting factors of 

BCHT particles 
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Amm2 

 

 

3.9988 

 

 

4.6503 

 

 

4.6982 

Ba 0.0, 0.0, 0.0  

 

14.53% 

 

 

 

 

 

 

 

Rp 

=17.9% 

Rwp 

=17.6% 

Rexp 

=14.93% 

𝑥2 = 1.23 

Ca 0.0, 0.0, 0.0 

Ti 0.5, 0.0, 0.518 

Hf 0.5, 0.0, 0.518 

O1 0.0, 0.0, 0.496 

O2 0.5, 0.266, 

0.207 

 

 

R3m 

(H) 

 

 

4.6657 

 

 

4.6657 

 

 

6.9334 

Ba 0.0, 0.0, 0.0  

 

9.79% 

Ca 0.0, 0.0, 0.0 

Ti 0.5, 0.0, 0.479 

Hf 0.5, 0.0, 0.479 

O 0.124, 0.351, 

0.397 

 

P4mm 

 

4.0450 

 

4.0450 

 

4.0211 

Ba 0.0, 0.0, 0.0  

74.68% Ca 0.0, 0.0, 0.0 

Ti 0.5, 0.5, 0.482 

Hf 0.5, 0.5, 0.482 

O1 0.5, 0.5, 0.016 

O2 0.5, 0.0, 0.465 
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4.3.1.2 Morphological characterizations 

 
Fig. 4.2(a,b) TEM micrograph of BCHT particles (c) the particle size variation 
histogram, (d) EDX spectra and quantitative elemental  composition of BCHT. 

 
Transmission Electron Microscopy (TEM) bright field images of the BCHT 

particles are presented in Fig. 4.2(a,b). The TEM image in Fig. 4.2(a) reveals the 

irregularly shaped synthesized BSHT particles. The size distribution curve of these 

synthesized BCHT particles Fig. 4.2(c) illustrates that their size ranges from 70 nm 

to 140 nm, with an average size of approximately 93 nm. To perform an elemental 

composition analysis, Energy Dispersive X-ray (EDAX) was carried out, as shown 

in Fig. 4.2(d), confirming the presence of Ba, Ca, Ti, Hf, and O in the synthesized 

BCHT particles. The inset of Fig. 4.2(d) provides the localized quantitative 

elemental percentages (from the EDAX analysis) of Ba, Ca, Ti, Hf, and O in the as-

synthesized BCHT. 
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4.3.1.3 Electrical characterizations 

 

Fig. 4.3(a) Temperature-dependent dielectric property (relative permittivity vs 
temperature) of the BCHT pellet, (b) Zeta potential of BCHT particles. 
 

To validate the formation of a morphotropic phase boundary in the prepared BCHT 

particles, dielectric analyses were also conducted. To further confirm the presence 

of these three coexisting phases, temperature-dependent relative permittivity of the 

BCHT particles was carried out. Figure 4.3(a) shows the variation in relative 

permittivity of the BCHT pellet across a temperature range spanning from -150ºC to 

130ºC [5,6]. It is well-established that BaTiO3 undergoes three distinct phase 

transitions as temperature changes. Typically, R-O phase transition of BaTiO3 takes 

place at approximately -90ºC to an O phase, which in turn stabilizes into a T phase at 

around 5ºC. Subsequently, the ferroelectric T phase transforms into a paraelectric 

Cubic (C) phase at a temperature of approximately 120ºC [8]. However, here, the 

introduction of both Ca2+ and Hf4+ ions has altered the phase transition behavior of 

BaTiO3. The presence of a dielectric anomaly (as depicted in Fig. 4.3(a)) around 55ºC 

corresponds to the transition from the ferroelectric (T) phase to the Cubic (C) phase. 

Furthermore, the appearance of a peak at approximately 25ºC in the dielectric 

permittivity-temperature curve serves as conclusive evidence of the coexistence of 

multiple phases, namely the R-O/O-T phases. These findings align with results 

reported by other researchers for this specific BCHT composition [4,9]. The 

coexistence of multiple phases in the BCHT filler effectively reduces the inherent 

energy barrier. Consequently, the dipoles within the sample increased freedom of 
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movement for polarization rotation when subjected to mechanical forces such as 

pressure. Therefore, the significantly high d33 value observed in the synthesized BCHT 

particles can be attributed to the R-O/O-T phase transition. Now, the zeta potential of 

a material plays a key role in gaining knowledge about the interaction between the 

material and its polymer matrix. So, for better understanding and to get details about 

the surface charge of the particles we have examined the zeta potential study. Fig. 4.3 

(b) shows that, BCHT particles have a negative surface charge with a value of -24.95 

mV. How this negative surface charge can be corroborated to the enhanced interaction 

between polymer and BCHT is depicted in the next section. 

4.3.2 Characterization of BCHT/PVDF composite films  

4.3.2.1 Structural characterizations 

X-ray Diffraction (XRD) plays a pivotal role in identifying the presence of various 

crystalline phases in PVDF-based films. Fig. 4(a) illustrates the room temperature 

XRD patterns for both bare PVDF and BCHT/PVDF composite films, covering a Bragg 

Angle (2θ) range from 15º to 30º. In the XRD patterns of the bare PVDF film, four 

distinct peaks are evident at 17.7º, 18.3º, 19.9º, and 26.54º, corresponding to the (100), 

(020), (110), and (021) diffraction planes of the non-polar α phase of PVDF [10]. As 

BCHT particles are progressively incorporated into PVDF, the relative intensity of the 

peaks centered at 17.7º, 18.3º, and 26.54º (associated with the non-polar α phase of 

PVDF) gradually diminishes. A closer examination of the XRD patterns of the 

composite reveals a notable shift of the peak originally positioned at 19.91º to a new 

location at 20.23º, corresponding to the electroactive β phase (110)(200). This shift 

clearly confirms that the inclusion of BCHT within PVDF has facilitated the transition 

from the non-polar α phase to the polar β phase [10]. The presence of the peak at a 

Bragg angle of 22.21º in all the composite films confirms the successful integration of 

BCHT filler into the PVDF matrix. Consequently, the XRD results provide compelling 

evidence for the successful conversion of the non-polar α phase to the polar β phase of 

PVDF through the incorporation of filler particles. 
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Fig. 4.4(a) XRD pattern of neat PVDF and BCHT loaded PVDF composites (5 wt%, 
10 wt%, 15 wt%) (b) FTIR spectra for neat PVDF and BCHT loaded PVDF composites 
(5 wt%, 10 wt%, 15 wt%)  in the range 400 cm-1 to 1000 cm-1 (c) Variation of 
electroactive β phase fraction with filler percentage (d) FTIR spectra for neat PVDF 
and BCHT loaded PVDF composites (5 wt%, 10 wt%, 15 wt%) in the range 3100 cm-1 
to 2900 cm-1.  

To further confirm the transformation of PVDF's non-polar α phase into the polar β 

phase, as evidenced by the XRD patterns, Fourier Transform Infrared Spectroscopy 

(FTIR) was performed. FTIR is a highly effective method for quantifying the phase 

fractions in PVDF before and after the incorporation of BCHT fillers. By analyzing the 

IR active vibrational bands in bare PVDF and BCHT/PVDF films, we gain valuable 

insights into the interaction between the filler and the polymer matrix. The 

corresponding Infrared Spectroscopy plots of the composite films within a selected 

wavenumber range of 1000 cm-1 to 400 cm-1 are depicted in Fig. 4.4(b). In the 

absorbance spectrum of PVDF, we observe prominent absorbance bands centered at 

487, 532, 613, 764, 796, and 976 cm-1, which are characteristic of the stable α phase. 

Additionally, two bands associated with the β phase of PVDF are also present, 
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positioned at 510 and 840 cm-1 with comparatively lower intensity [10,11]. Typically, 

when PVDF is crystallized from a solution casting process, it predominantly 

crystallizes in the α phase due to its TGTG’ conformation, which possesses minimal 

free energy [12]. Upon closer examination of the FTIR spectra of composite films, we 

observe that the relative intensity of the peaks associated with the α phase has either 

completely diminished or significantly weakened. In contrast, the relative intensity of 

the peaks corresponding to the preferred β phase has increased. This observation 

clearly indicates that BCHT particles functioned as local nucleating agents and 

successfully facilitated the transformation of the α phase into the β phase of PVDF. 

Variation of electroactive β phase fraction in bare PVDF, as well as BCHT/PVDF 

composite films as a function of filler weight percentage, is shown in Fig. 4.4(c). The 

quantitative determination of the polar β phase fraction was carried out using Lambert 

Beer's law, as expressed by the following equation [1]: 

                           𝐹(𝛽) =
𝐴840

𝑘840
𝑘764

𝐴764+𝐴840

𝑋 100%                                                         (4.1) 

• F(β) represents the percentage of the β phase. 

• A840 and A764 are the intensity values in arbitrary units obtained from the 

absorbance spectra at wavenumber values of 840 cm⁻¹ and 764 cm⁻¹, respectively. 

• k840 and k764 are the absorbance coefficients corresponding to their respective 

wavenumbers, with values of 7.7 x 104 cm² mol⁻¹ and 6.1 x 104 cm² mol⁻¹, respectively. 

Notably, a loading of 5 wt% BCHT in PVDF (~66%) is shown to nearly double the β 

phase fraction compared to pure PVDF (~36%). The continuous incorporation of the 

filler within the PVDF matrix further enhances the β phase fraction, with a peak value 

of approximately 89% achieved for 15BCHT. This high electroactive phase fraction is 

attributed to the uniform distribution of BCHT particles within the PVDF matrix, as 

evident from the FESEM image of the 15BCHT [11]. The negative surface potential of 

BCHT, as seen in the zeta potential curve (Fig. 4.3(b)), facilitates interaction between 

BCHT particles and the positive -CH2 dipole of PVDF. This interaction results in the 

alignment of PVDF chains in the all-trans (TTTT) conformation [13,14]. This 

interfacial interaction between the filler and the polymer matrix enhances the β phase 

percentage in the composite films, subsequently boosting their electron transfer 

capability [11,15]. Confirmation of the interfacial interaction between the positive -CH2 

dipole of PVDF and BCHT particles is further evident in the absorbance spectra of the 
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composites within the wavenumber range of 3100 cm⁻¹ to 2900 cm⁻¹. This range is 

significant because it only contains characteristic bands related to the -CH2 stretching 

vibration of PVDF films, which play a pivotal role in probing interfacial interactions. 

Specifically, absorbance bands at approximately 3026 cm⁻¹ and 2985 cm⁻¹ correspond 

to the asymmetric and symmetric stretching vibrations of the -CH2 band of PVDF 

[11,16]. In Fig. 4.4(d), the absorbance spectra of the BCHT/PVDF composite films in 

this wavenumber range are displayed. Remarkably, the IR spectra in the 

aforementioned range (Fig. 4.4(d)) reveal a gradual shift of absorbance bands toward 

lower wavenumber values with increasing BCHT loading. This band shifting towards 

lower wavenumber values can be attributed to the increased effective mass of the -CH2 

dipole due to its interaction with the negative surface of BCHT [13,14,17]. 

4.3.2.2 Morphological characterizations 

 

Fig. 4.5(a) FESEM image of pure PVDF film, (b) FESEM image of 15BCHT showing 
the uniform distribution of spherulites, inset shows the presence of BCHT in PVDF 
matrix (c) EDAX spectrum of 15BCHT composite with the elemental atomic weight 
percentage. 
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The effectiveness of the interaction between the filler and the PVDF matrix is 

supported by reduction in the size of the spherulites (highlighted in yellow and 

approximately 4 µm in size in Fig. 4(b)) in comparison to pure PVDF (~10 µm, as 

shown in Fig. 4.5(a)) [11]. This reduction in spherulite size is a critical parameter for 

enhancing the performance of the hybrid device. The uniform distribution of 

spherulites across the entire surface of the composite material, as depicted in Fig. 4.5(b) 

additionally establishes improved interaction. This consistent distribution of 

spherulites can be attributed to the even dispersion of the filler particles within the 

polymer matrix. Furthermore, the FESEM image of the 15BCHT composite reveals a 

compact surface without any noticeable cracks. A closer examination of the inset in 

Fig. 4.5(b) clearly shows the presence of BCHT particles within the polymer matrix. To 

further confirm the successful incorporation of BCHT particles into the PVDF matrix, 

an elemental analysis of the 15BCHT composite was conducted through EDAX analysis, 

as illustrated in Fig. 4.5(c). This analysis provides additional evidence of the effective 

inclusion of BCHT particles in the PVDF matrix. The uniform distribution of fillers 

within the polymer matrix offers several advantages in enhancing the physicochemical 

properties of the composite material.  

4.3.2.3 Electrical characterizations 

The charge storage capacity of the functional layer used in constructing the hybrid 

energy harvester (HEH) device is a critical factor influencing the device's output 

performance [18,19]. To assess this, we conducted measurements of the relative 

permittivity (ϵr) of the BCHT/PVDF composite films across a frequency range 

spanning from 100 Hz to 1 MHz, all at room temperature (30ºC). The results are 

presented graphically in Fig. 4.6(a). Notably, the considerable difference in dielectric 

constant between the base PVDF matrix and the filler material leads to substantial 

changes in the relative permittivity of the composite system. As evident from Fig. 

4.6(a), there is a clear trend of increasing relative permittivity with a higher loading of 

the filler material in the PVDF matrix. Remarkably, these elevated dielectric constant 

values in the composite films remain consistent across the entire frequency range, 

spanning from 100 Hz to 1 MHz. The enhancement in dielectric permittivity can be 

understood through the microcapacitor model. According to this model, the inclusion 
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Fig. 4.6(a) Variation of dielectric permittivity with frequency (100 Hz to 1 MHz) for 
neat PVDF, BCHT loaded PVDF composites (5 wt%, 10 wt%, 15 wt%). (b) Variation 
of tangent loss (tanδ) with frequency (100 Hz to 1 MHz) for neat PVDF, BCHT loaded 
PVDF composites (5 wt%, 10 wt%, 15 wt%). (c) Variation of relative permittivity and 
loss tangent of PVDF composite with filler wt% variation (d) Variation of ac 
conductivity with frequency (100 Hz to 1 MHz) for neat PVDF, BCHT loaded PVDF 
composites (5 wt%, 10 wt%, 15 wt%) (e) Variation of leakage current density with 
applied electric field (-16 kV/cm to 16 kV/cm) for neat PVDF, BCHT loaded PVDF 
composites (5 wt%, 10 wt%, 15 wt%). 

of ceramic particles in the PVDF matrix results in the creation of an insulating layer 

situated between two adjacent ceramic particles, effectively forming a configuration 

resembling a capacitor. As the concentration of BCHT fillers increases, these 
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capacitors establish parallel connections, thereby collectively amplifying the relative 

permittivity of the BCHT/PVDF composites [16]. Furthermore, following Lewi's model, 

when a particle is introduced into a polymer matrix, a layer of charges with an opposite 

polarity form on the surface of the particle, driven by differences in work function [20]. 

In addition to this, Coulombic interactions lead to the alignment of charges in the 

remaining areas of the polymer, forming what is referred to as the diffusion layer 

[21,22]. These charge-related mechanisms collectively contribute to the overall 

augmentation of dielectric properties observed in the composite materials. The 

incorporation of ceramics into the PVDF polymer leads to the alignment of charges 

within the material, resulting in an increase in the relative permittivity of the 

composite films. Upon closer examination of Fig. 4.6(a), it is evident that there is a 

slight decline in relative permittivity in the higher frequency region. This behavior can 

be attributed to the presence of space charge polarization at lower frequencies, which 

contributes to the high relative permittivity observed in this region. Conversely, in the 

higher frequency range, the dipoles in the material do not have enough time to align 

themselves with the applied electric field, leading to a reduction in relative permittivity 

[13,16]. It is noteworthy to mention that, the increased incorporation of filler particles 

creates discrete conductive pathways within the material, diminishing its insulating 

properties. Consequently, the composite begins to show degradation in its ability to 

retain stored charges and starts to exhibit a leaky nature. To address this limitation in 

charge retention, we measured the dielectric loss tangents (tanδ) for both pure PVDF 

and BCHT/PVDF composites as a function of frequency, as depicted in Fig. 4.6(b). The 

tanδ values increase with higher loading of BCHT particles, particularly in the low 

applied electric field region. This increase is attributed to the presence of high space 

charge polarization in this region [16,23]. However, in the high applied electric field 

region, the dipoles within the material do not have sufficient time to align themselves 

with the applied electric field, resulting in polarization loss and a subsequent increase 

in tanδ [24]. Notably, the 15BCHT composite exhibits the highest relative permittivity 

(ϵr) at approximately 12.01 at 1 kHz, which is more than twice the value obtained for 

pure PVDF (approximately 4.27 at 1 kHz). However, there is a slight increase in tanδ, 

from 0.03 for bare PVDF to 0.05 for the 15BCHT composite. Importantly, this slight 
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increase in tanδ remains within acceptable limits [17]. Fig. 4.6(c) displays the variation 

of ϵr and tanδ with filler percentage at room temperature (at 1 kHz).  

The assessment of conducting pathways formation within PVDF due to the 

incorporation of BCHT fillers can be examined through AC conductivity 

measurements. AC conductivity was calculated using the following equation 

                                      𝜎𝑎𝑐 = 2𝜋𝑓. 𝜖0. 𝜖𝑟 . tan 𝛿                                (4.2) 

Where all the notations denote their usual meaning [25]. 

 In Fig. 4.6(d), the AC conductivity results for the composite films are presented, 

covering a broad frequency range from 100 Hz to 1 MHz. The figure clearly illustrates 

that the introduction of BCHT particles into the base PVDF matrix leads to an 

enhancement in AC conductivity across the entire frequency spectrum (100 Hz – 1 

MHz). As the concentration of fillers increased, discrete electron pathways are formed 

within PVDF, resulting in the augmentation of AC conductivity [26]. This 

phenomenon allows some stored charges to bypass the material, contributing to 

leakage current, which is subsequently absorbed by the composite material [13,16]. To 

validate the points discussed above, we measured the leakage current density of the 

prepared composite films as a function of electric field strength at room temperature 

(30ºC), as shown in Fig. 4.6(e). Fig. 4.6(e) indicate that the gradual increase in filler 

loading within PVDF leads to a corresponding increase in the leakage current density. 

At an applied electric field of 16 kV/cm, the 15BCHT/PVDF film exhibited a leakage 

current density of approximately 1.12 x 10-8 A/cm², while pure PVDF displayed a value 

of around 2.18 x 10-9 A/cm². This observed rise in leakage current density serves as 

strong confirmation that the incorporation of fillers within the polymer matrix indeed 

results in the formation of discrete conducting pathways [13,16,26]. Taking all the 

aforementioned factors into account, it can be confidently concluded that the 15BCHT 

composite, characterized by a high electroactive phase content (89%), relative 

permittivity of approximately 12.01, a relatively low loss tangent (0.05), and a 

manageable leakage current density, is a highly promising candidate for the final 

assembly of the hybrid energy harvesting device. 
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Fig. 4.7(a-c) PFM topography, amplitude, and phase digital images; (d) amplitude 
response and (e) phase hysteresis with applied dc bias voltage from -20 V to 20 V.   

In our pursuit to create a high-performance hybrid energy harvester device that 

combines piezoelectric and triboelectric properties, it is imperative to confirm the 

piezoelectric characteristics of the composite film used as the device's functional layer. 

For this purpose, we turned to Piezoresponse Force Microscopy (PFM), widely 

regarded as the most suitable method for assessing the piezoelectricity of composite 

films [27,28]. As the 15BCHT composite emerged as the prime candidate for the final 

hybrid energy harvester (HEH), we conducted PFM analysis specifically on this 

composite. In the PFM analysis, we applied a direct current (dc) bias voltage spanning 

from -20 V to 20 V to the composite in order to determine its polarization switching 

angle. Fig. 4.7(a-c) showcases the topography image, amplitude behavior, and 

hysteresis phase response of the composite, captured within a 5 x 5 µm² area. The clear 

variation in color contrast observed in the amplitude image (Fig. 4.7(b)) provides 

compelling evidence of the piezoelectric nature inherent in the 15BCHT film [28,29]. 

Furthermore, the presence of contrasting spots in the phase hysteresis image (Fig. 

4.7(c)), featuring both bright and dark areas, confirms the ferroelectric characteristics 

of the film. These contrasts can be attributed to the presence of distinct polarized 
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domains within the composite [28–30]. The amplitude variation of the piezoresponse 

signal, which was extracted from the PFM measurements and recorded across the 

applied DC bias voltage range (-20 V to 20 V), exhibits a butterfly loop pattern (Fig. 

4.7(d)). This distinct butterfly loop is a hallmark of strong piezoelectric properties and 

signifies the material's response to a periodic external electric field. The name 

"butterfly loop" derives from its shape, which resembles the unfolded wings of a 

butterfly [31]. Additionally, as depicted in Fig. 4.7(e), the 15BCHT film demonstrates 

a hysteresis loop with a phase difference of approximately 180º, providing further 

confirmation of the film's ferroelectric nature [13]. These enhanced piezoelectric 

properties observed in the composite can be ascribed to the presence of a substantial 

electroactive β phase fraction in PVDF, an effect induced by the inclusion of BCHT 

fillers. 

4.3.3 Energy harvesting performance of HEH 

At first, confirmation of the piezoelectricity enhancement through BCHT loading was 

confirmed by piezoelectric energy harvesting characteristics under a uniform force 

applying setup of force 5 N at a rate of 2 Hz. With the increasing filler loading 

piezoelectric voltage got increased and we got a maximum voltage (~6.5 V) for 15BCHT 

film (Fig. 4.8(a)). As a biomechanical energy source, we have also applied finger 

imparting upon the device. On the application of finger flapping (force ~ 100 N and 

frequency ~4 Hz), the PEH device where 15BCHT film was utilized, generated the 

maximum peak to peak output voltage of 40 V ± 2 V (Fig. 4.8(b)). As indicated by both 

the XRD analysis (Fig. 4.4(a)) and FTIR analysis (Fig. 4.4(b)) of the composite films, 

it becomes evident that an increase in the filler loading percentage has the effect of 

augmenting the interactions occurring at the interface between the filler and the 

polymer matrix. This, in turn, leads to the alignment of a greater number of 

Polyvinylidene Fluoride (PVDF) chains in an all-trans conformation (TTT). 

Consequently, there is an enhancement in the polar β phase fraction within the 

composite, resulting in a higher number of dipoles being generated. Additionally, the 

exceptional piezoelectric property of the filler also plays a role in contributing to the 

improvement of the piezoelectric output performance of the devices. 
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Fig. 4.8 Generated output voltage patterns from PEH devices (a) using constant 
force application setup (5 N, 2 Hz), (b) using finger imparting (100 N, 4 Hz). 

Therefore, from the previous results we can validate that the optimization of the 

composite layer in the HEH device plays a pivotal role in acquiring in-depth insights 

into its energy harvesting performance. To get the most favorable composite film as 

far as energy harvesting is concerned, the filler loading percentage inside PVDF was 

varied from 5 wt% to 15 wt%. As the main objective of our work here is to efficiently 

harvest mechanical energy using a flexible hybrid energy harvester device, the 

flexibility of the device plays a major significance. In this regard, the composite film 

should also be flexible. That is why we have limited the filler loading inside PVDF up 

to 15 wt%. Beyond that, the films got wavy and were not straight for application 

purposes. 

Now, to evaluate the electromechanical conversion capabilities, HEH devices with 

varying filler concentrations were fabricated. All the devices were applied by the same 

mechanical stress with the help of a constant force-applying setup (shown in Fig. 

4.9(a)) of force ~ 5 N and frequency of ~ 2 Hz. From Fig. 4.9(b) we can confirm that 

the generated peak to peak output voltage reached a maximum value of ~60 V for the 

HEH device consisting of the 15BCHT film from a value of ~20 V for that of the bare 

PVDF-based energy harvester. 



Chapter 4 

158 

 

Fig. 4.9(a) Constant force applying setup, (b) output voltage patterns on the 
application of a force ~ 5 N at a rate of ~2 Hz. 

Figure 4.10(a) and Figure 4.10(b) clearly exhibit a significant improvement in output 

performance for HEH5 when compared to a device made solely with PVDF. However, 

as the filler concentration increased, there was a continuous improvement in both 

output voltage and current. HEH15, as depicted in Figure 4.10(a) and Figure 4.10(b), 

could generate the highest peak-to-peak output voltage and current. The measured 

values for output voltage and current were 396 V ± 10 V and 30 µA ± 2 µA, respectively. 

Upon closer examination of Figure 4.10(a) and Figure 4.10(b), it is evident that there 

are two peaks in voltage and current on both the positive and negative sides, 

corresponding to the compression and release phases of the device. Based on these 

results, it can be concluded that the device with 15BCHT as the functional layer 

exhibited the best output performance. The output of the HEH was a result of a 

synergetic effect between the piezoelectric and triboelectric phenomena occurring 

inside the device during each cycle of pressure application [32,33]. Therefore, to gain 

a deeper understanding of the output performance of HEH15, it was essential to 

investigate the output performance of the 15BCHT-based piezoelectric device (PEH15, 

which exhibited the best piezoelectric output performance among the options, as 

shown in Figure 4.8) and the triboelectric energy harvester (TEH). To visually 

compare the outputs obtained from HEH15, PEH15, and TEH, the output voltage and 

current from these devices are presented in Figure 4.10(c) and Figure 4.10(d). Both 

figures (Figure 4.10(c) and Figure 4.10(d)) clearly demonstrate that the output 

performance of HEH15 surpasses the individual performances of PEH15 and TEH, 

providing further evidence of the synergistic phenomenon occurring inside HEH14. 
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Fig. 4.10(a) & (b) Variation of output voltage and output current generated from 
HEH under finger imparting with different filler concentrations. (c) & (d) Generated 
output voltage and current from piezoelectric, triboelectric, and hybrid energy 
harvesting device (e) Variation of output voltage and current density with load 
resistance from HEH15 (f) Variation of output power density with load resistance 
obtained from HEH15 under finger imparting, inset showing 52 LEDs connected in 
series forming ‘CGCRI’ glowing on each impart on the device, (g) Charging of 
commercial capacitors (1, 2.2 and 10 µF) by the voltage generated from HEH15 
(using a bridge rectifier circuit) (h) Stored energy and charge in the commercial 
capacitors 1, 2.2 and 10  µF. (i) Powering up small electronic devices (electronic 
calculator, stopwatch, hygrometer, and digital watch) using HEH15 device. All the 
measurements were done by finger imparting of force ~ 100 N and frequency of ~ 4 
Hz (measured by flexi force sensor). 

Moreover, the improved output performance of HEH15, as demonstrated in Figure 

4.10(a) and Figure 4.10(b), can also be ascribed to the enhanced dielectric properties 

of the composites when BCHT is added, reaching its peak with 15BCHT (with a 

dielectric constant ϵr~ 12.01 at 1 kHz) as shown in Figure 4.6(a). This increase in 

dielectric properties for the 15BCHT composite, compared to the other composites, 

results in a greater accumulation of charges on the surface of 15BCHT. Additionally, 

the lower values of leakage current density (as shown in Figure 4.6(e)) and dissipation 
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factor for 15BCHT further confirm the excellent insulating properties of the composite, 

contributing to higher output performance [34]. Surface roughness is another critical 

factor influencing the output performance of HEH15 [35]. The enhanced 

triboelectrification between the positive and negative triboelectric layers of the device 

due to the inclusion of fillers amplifies the overall output performance of the optimized 

device, HEH15 [35]. It's worth noting that when external pressure is applied, the 

alignment of dipoles in the composite film significantly increases the presence of 

triboelectric charges generated by friction between the positive and negative 

triboelectric layers of HEH14. This accumulation of triboelectric charges further 

intensifies the dipolar polarization of the functional layer, leading to the buildup of 

more negative surface charges on the composite film's surface. Consequently, a 

synergistic effect between the piezoelectric and triboelectric phenomena occurs, 

resulting in an overall enhanced output from the HEH15 device. 

The practical utility of any energy harvesting device is heavily reliant on the power 

output and current density it can generate. As such, we examined how the output 

voltage and current density (calculated by squaring the voltage and then dividing it by 

the load resistance, and the electrode area, V2/R.A) from HEH15 varied with different 

load resistances, as depicted in Figure 4.10(e). In Figure 4.10(e), it's evident that the 

output voltage reaches its maximum at approximately 396 V and becomes nearly 

constant beyond a load resistance of 20 MΩ. Correspondingly, the maximum 

instantaneous power density (computed by multiplying voltage with current density) 

achieved by the device was 1.72 mW/cm2, observed at a load resistance of 14 MΩ, as 

shown in Figure 4.10(f). With each application of finger flapping, the HEH15 device 

can generate enough power to illuminate 52 LEDs connected in series (wavelength of 

515-520 nm, DC voltage of 3-3.2 V, and a current of 20 mA). This series arrangement 

of LEDs is designed in a 'CGCRI' pattern, as illustrated in Figure 4.10(f). When an 

external force is applied, the LEDs blink in synchrony. It is worth emphasizing that the 

maximum voltage output of HEH15 is nearly ten times higher than that of PEH15 and 

approximately 3.5 times higher than that of TEH. Furthermore, the generated output 

current by HEH15 is significantly greater than that of the respective piezoelectric and 

triboelectric devices approximately eight times higher than the PEH15 device and 
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about four times higher than the TEH device. This substantial improvement in the 

output performance of HEH15 compared to PEH15 and TEH can be attributed to the 

effective coupling of the piezoelectric and triboelectric phenomena during each 

operational cycle. In this context, it's worth noting that the output performance of 

HEH15, including voltage, current, and power density, is quite competitive when 

compared to recently reported PVDF-based energy harvesting devices, as highlighted 

in Table 4.2. 

The rectified output signal generated by HEH15, using a DB107 bridge rectifier IC, was 

utilized to charge various commercial capacitors during hand flapping. The charging 

capability of HEH15 proved to be quite fast, as depicted in Figure 4.10(g). The quantity 

of charge and energy stored in the capacitors during charging via HEH15, with finger 

pressure applied, were quantified using the relationships W=1/2 CV2 and Q=CV. Here, 

W represents the energy stored, C is the capacitance of the capacitors used, V signifies 

the saturation voltages of the charged capacitors, and Q stands for the charge stored 

in the capacitors. The stored charge in 1 µF, 2.2 µF, and 10 µF capacitors was calculated 

to be 3.6 µC, 7.26 µC, and 22.6 µC, respectively. Simultaneously, the energy stored in 

these capacitors amounted to 6.48 µJ, 11.98 µJ, and 24.54 µJ, respectively, as depicted 

in Figure 4.10(h). Additionally, during the discharging process, these capacitors were 

able to power low-powered devices such as an electronic calculator, stopwatch, 

hygrometer, and digital watch, as demonstrated in Figure 4.10(i). 

Therefore, based on the results mentioned above, it can be concluded that the output 

performance of the device is notably stable. However, the practical application of an 

energy harvesting device necessitates long-term durability, stability, and robustness. 

To confirm the stability of the output generated by HEH15, the device underwent a 

continuous operation for a large number of cycles (more than 10,000 cycles) using the 

systematic setup with a force of approximately 5 N and a frequency of approximately  
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Fig. 4.11 Output voltage obtained from HEH15 under continuous operation for 
more than fourteen thousand cycles. 

2 Hz, as shown in Figure 4.11. Importantly, no significant degradation of the output 

was observed, affirming the durability of the fabricated device. Consequently, the 

output performance of this sustainable HEH15 suggests that this hybrid device can be 

effectively utilized as a portable, next-generation green energy source. 

Table 4.2 Comparison of the output performance of the fabricated HEH with the 
recently reported PVDF-based energy harvesters. 

-ve Tribo material +ve 

Tribo 

material 

electrode Voltag

e (V) 

Current/Curre

nt density (I) 

Power/Pow

er density 

Ref. 

PVDF Polymide 

6 

Cu 14.2 3.9 µA -- [36] 

poly(3-hexylthiophene) 

(P3HT)/PVDF-HFP 

Kapton Al 78.0 7.0 µA 0.55 mW [37] 

CoFe2O4/PVDF ITO ITO 17.2 2.27 µA 90.3 mW/m2 [38] 

ZnO/PVDF PTFE Al 78.0 0.46 µA/cm2 24.5 

µW/cm2 

[39] 

KNN/MWCNT/PVDF Cu Cu 54.1 29.4 µA 164.74 

µW/cm2 

[40] 

(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3/PV

DF-HFP 

Silicone 

Rubber 

Ag/Ni 34 .0 1.12 mA/m2 161.7 

mW/m2 

[33] 

MXene/PVDF-TrFE Nylon-11 Conductiv

e Fabric 

270.0 140 mA/m2 4.02 W/m2 [41] 

Cs3Bi2Br9/PVDF-HFP/SEBS Al Ag/Al 400.0 1.63 µA/cm2 2.34 W/m2 [42] 

Nafion functionalized 

BaTiO3/PVDF 

Cu Cu 307 1.8 µA/cm2 1.12 

mW/cm2 

[43] 

(Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 

(BCHT)/PVDF 

Al Al 396 5 µA/cm2 1.72 

mW/cm2 
This 

Wor
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Fig. 4.12 Schematic behind the working mechanism of the hybrid energy harvesting 
device. 

Now, the operational mechanism of the Hybrid Energy Harvester (HEH) based on the 

combined effects of piezoelectric and triboelectric phenomena in BCHT/PVDF-based 

composite films is schematically illustrated in Figure 4.12. In this representation, there 

is a separation between the BCHT/PVDF composite film and the aluminum (Al) 

electrode inside the device. The Al electrode, attached to the PET sheet, serves as the 

top layer, while the BCHT/PVDF composite/Al/PET constitutes the bottom part of the 

device. The Al electrode functions as the positive triboelectric layer, while the 

BCHT/PVDF composite serves as the negative triboelectric layer of the device. The 

entire mechanism can be elaborated into several steps: 

Step-I: Initially, without any external pressure, there is no charge on the electrodes, 

resulting in zero output voltage. 

Step-II: Upon the application of external pressure, both the top (PET/Al) and bottom 

(PET/Al/BCHT/PVDF) parts of the device come into contact, leading to the generation 

of equal and opposite charges depending on their respective triboelectric affinities. 

Following the triboelectric series, Al acquires a positive triboelectric charge, while the 

BCHT/PVDF composite obtains a negative triboelectric charge. 
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Step-III: In addition to triboelectrification, the application of external pressure causes 

the inherent dipoles within the composite to align themselves along the direction of 

pressure, inducing charges in the upper and bottom electrodes of the device due to 

piezoelectricity. Electrons move from the upper electrode to the lower electrode, 

resulting in a piezoelectric current (Ip). 

Step-IV: When the applied stress is released, the pressure on the device is relieved. 

This leads to the reorientation of the aligned dipoles back to their original positions, 

generating Ip in the opposite direction. 

Step-V: Further releasing the pressure causes electrons to flow from the bottom to the 

upper Al electrode, generating a triboelectric current (It) in the opposite direction. 

Step-VI: The BCHT/PVDF composite layer and the upper Al electrode reach their 

stable positions, causing no movement of electrons. 

Step-VII: Again, if we apply pressure, the equilibrium condition is disrupted, resulting 

in a triboelectric current in the opposite direction, from the bottom electrode to the 

upper electrode through the load. This completes one cycle of operation. 

In this way, HEH device generates alternating output through these stages, and the 

periodic application and release of pressure produce an alternating output voltage that 

can be detected in the external load circuit. The key feature of this mechanism is the 

coupling of the piezoelectric and triboelectric effects, leading to the synergetic 

generation of output voltage in the HEH device. It is important to highlight that the 

alignment of dipoles in the composite film under applied pressure is significantly 

enhanced by the presence of triboelectric charges. This enhances dipolar polarization 

and leads to the accumulation of more negative surface charges on the composite film's 

surface, ultimately resulting in an enhanced final output voltage of the typical HEH 

device. 
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4.3.3.1. Biomechanical energy harvesting 

Furthermore, HEH15 was employed to harness biomechanical energy generated by 

different movements of the human body, including finger movements, heel tapping, 

 

Fig. 4.13 Output voltage generation from the movement of (a) index finger (b) 
middle finger (c) ring finger (d) fine movement of middle finger with varying angles 
(e) elbow (f) wrist (g) ankle (h) heel and (i) toe movement. 
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toe movement, wrist movement, and elbow movement. To achieve this, HEH15 was 

attached to the respective body parts using double-sided adhesive tapes. The resulting 

output voltage generated from these diverse body movements is visually represented 

in Figure 4.13. An intriguing observation is that the fabricated HEH15 possesses the 

capability to capture energy not only from the subtle and intricate movements of 

various fingers, such as the index, middle, and ring fingers, as portrayed in Figure 

4.13(a), Figure 4.13(b), and Figure 4.13(c), respectively, but it can also produce distinct 

output patterns corresponding to these movements. Moreover, the device exhibits 

remarkable sensitivity, as evident in Figure 4.13(d), where it efficiently detects and 

distinguishes variations in the degree of bending of the index finger. This 

demonstrates the HEH's proficiency in detecting and discerning fine motions of 

different fingers, as well as variations in the bending angles of a specific finger. The 

device could generate significant output voltage levels, producing approximately ~95 

V ± 10 V during heel tapping, ~50 V ± 5 V during toe movement, ~1 V ± 0.1 V during 

ankle motion, ~7 V ± 0.5 V during wrist movements, and ~15 V ± 0.5 V during elbow 

motion. It is worth noting that the relatively lower output values observed during these 

movements, compared to finger movements, can be attributed to differences in the 

frequency and amplitude of the applied pressure. Consequently, the fabricated HEH15 

not only excels in harvesting energy from various body movements, including fine 

finger motions but also exhibits the ability to differentiate between them. These 

findings signify the extensive potential of HEH, not only for bio-motion-based energy 

generation but also as a self-powered dynamic pressure sensor with promising 

applications in healthcare monitoring, particularly for patients who are confined to 

bed [44]. 

4.3.3.2. Application as smart switch 

The growing popularity of portable electronic devices has led to an increased demand 

for modern smart home systems. Today's smart homes incorporate a variety of 

electronic devices and sensors, making it highly desirable to control and monitor these 

devices from both inside and outside a building. To address this need, researchers have 

explored the use of energy-harvesting devices to create smart switches for monitoring 

and controlling smart home applications a tribo [41,45]. However, previous smart 

switches had limitations, such as using a single energy harvesting device to 

individually control different home appliances. In real-life scenarios, it is often 
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necessary to control multiple household appliances simultaneously. Consequently, a 

2×2 array of switches, created using Co-based nanoporous carbon-based Triboelectric 

Nanogenerators (TENG), was reported by M.T. Rahman et al. for smart home 

applications [46]. However, using multiple smart switches within a single platform can 

lead to interference during external triggers, complicating the overall operation. It is 

essential to analyze whether an array of self-powered smart switches can generate 

distinguishable signals under individual triggers. 

 

 

Fig. 4.13(a) Graphical illustration of fabricated HEH device acting as the switch for 
wireless control of home appliances through Bluetooth, (b) circuit diagram for the 
wireless controlling of home appliances. 

(b) 
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In addition to these challenges, previous works relied on wired systems to transmit 

signals generated by the smart switches. This limitation hindered the convenience of 

using self-powered switches from both inside and outside a specific room in a house, 

making them like commercial switches. To address these issues, this work utilized the 

fabricated HEH15 device as a self-powered triggering sensor for smart home 

applications. Figure 4.13(a) illustrates a schematic diagram showing how the device 

was employed to remotely control and monitor household electronic appliances in a 

smart home setup. As a proof of concept, a 2×2 matrix array was created, comprising 

four HEH15 devices, each with dimensions of 1×1 cm². Each pixel in this array 

functions as a smart switch for operating appliances. To implement the smart home 

concept, microcontroller units (Arduino UNO R3 (ATmega328P)), Bluetooth IC chips 

(HC05), and a 4-channel Relay module were used. The entire circuit diagram of the 

system is provided in Figure 4.13(b).  

 

Fig. 4.14(a) A schematic of the smart home comprising of HEH device with home 
appliances, (b) Digital image of the experimental setup, (c) schematic illustration of 
smart parking system using HEH, digital photograph of the demonstration of the 
vacant and filled state of a parking slot (d) when the slot is vacant (led not glowing) 
(e) occupied state (red led glowing). 

Figure 4.14(a) showcases the smart home setup incorporating HEH devices for 

controlling various home appliances. In the digital image (Figure 4.14(b)), the four 
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smart switches were wirelessly connected to four different appliances: a fan, an IR 

lamp, a mobile charger, and a bulb. These wireless connections enable the user to 

control the respective appliances without needing to be physically present in the room. 

When a specific switch (made with HEH15) in the matrix array is pressed, it generates 

a triggering signal specific to the corresponding device. This signal is processed by the 

first microcontroller unit and then transferred to the second microcontroller unit 

through the Bluetooth IC chips, forming the wireless circuit. The signal processing by 

the second microcontroller unit operates the relay, turning on or off the respective 

appliance. 

Even though the four smart switches are connected in a matrix array, they can generate 

distinguishable signals with each operation, allowing them to switch the assigned 

devices on or off. Further, the device was employed as a sensor in a smart parking 

system, efficiently providing information to the driver about the availability or 

occupancy of a parking spot (Figure 4.14(c), Figure 4.14(d), Figure 4.14(e). The signal 

generated by the device due to pressure applied by a parked car is processed through 

a processing circuit, and the signal is then transmitted to a control system MCU 

(Arduino UNO R3 (ATmega328P)). The MCU processes the signal and provides 

instructions accordingly. When the parking slot is occupied, the signal from the device 

activates the Red LED, conveying this information to the driver. Conversely, when the 

parking slot is empty, the LED remains off. These demonstrations of smart 

applications using HEH15 confirm its feasibility in meeting the demands of IoT 

technologies, virtual reality, and artificial intelligence. 

4.4. Conclusion 

BCHT with a high piezoelectric charge constant of 333 pC/N was used as filler to 

synthesize flexible BCHT/PVDF composite, which acts as the heart of the fabricated 

hybrid energy harvesting (HEH) device.  The impregnation of piezoelectric BCHT 

fillers enhanced the piezoelectric as well dielectric properties of the composite films. 

Such perovskite BCHT particles acted as the nucleation centers for the alignment of 

the PVDF polymer chains in all trans conformation which elevated its electroactive 

phases fraction as well as the electron trapping capabilities. These augmented 

piezoelectric properties of the composites further enhanced the output performance 

of the HEH device by coupling with the triboelectric phenomenon occurring inside the 
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system. The fabricated optimized HEH device is capable of generating a maximum 

output voltage and current of ~ 396 V ± 10 V, ~ 30 µA ± 2 µA with an instantaneous 

power density of 1.72 mW/cm2. This significantly enhanced output performance of the 

fabricated HEH is attributed to the efficient coupling between piezoelectric and 

triboelectric effects. Further, the fabricated HEH shows efficient electromechanical 

convertibility in scavenging energy from different body part’s motions including heel, 

toe, wrist, and elbow as well as fine finger movement. Finally, the fabricated HEH 

device was utilized as self-powered sensor in designing smart home and smart parking 

systems. Due to its exceptional power generation capacity and a strong emphasis on 

wireless technology, the designed HEH device has become an incredibly versatile 

portable energy source for flexible smart electronics. 
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Related video file links 

LED GLOWING 

https://ars.els-cdn.com/content/image/1-s2.0-S1385894723046909-mmc2.mp4 

FINGER MOVEMENT 

https://ars.els-cdn.com/content/image/1-s2.0-S1385894723046909-mmc3.mp4 

SMART HOME 

https://ars.els-cdn.com/content/image/1-s2.0-S1385894723046909-mmc4.mp4 

SMART PARKING 

https://ars.els-cdn.com/content/image/1-s2.0-S1385894723046909-mmc5.mp4 
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Chapter 5 

Morphotropic Phase Boundary-Assisted Lead-
Free BaTiO3/PDMS Based Hybrid Energy 

Harvester: A Portable Power Source for 
Wireless Power Transmission 

5.1. Introduction 

As discussed in the previous chapter, hybridization of piezoelectric and triboelectric 

energy harvesting technologies has gained tremendous attention to fabricate 

mechanical energy harvesting devices with adequate power generation capabilities. In 

terms of materials choice, along with PVDF, PDMS is also considered as a favorable 

candidate to design energy efficient hybrid devices due to its high electron affinity and 

flexibility [1]. However, in terms of energy generation capabilities bare PDMS-based 

energy harvesters are unable to cop up with the ever-increasing energy demands of the 

modern world. Therefore, suitable modifications of the bare PDMS have been 

considered as an effective pathway in a means to increase the power generation 

capacity of the PDMS based hybrid energy harvesting devices.  One such way is to 

impregnate efficient piezoelectric materials inside the PDMS matrix to effectively 

nurture its intrinsic properties. Now, the responsibility goes on to the various filler 

materials which can be effectively used to increase the power generation capability of 

the ultimate fabricated hybrid device. In this aspect, perovskite materials are 

considered as one of the most favorable candidates due to the presence of local charge 

defects which inherently act as efficient charge acceptors [2]. Consequently, owing to 

the good dielectric permittivity as well as piezoelectricity Barium Titanate (BaTiO3), is 

one of the most favorable choices of material in terms of lead-free perovskite 

piezoelectric materials. This results in the successful utilization of BaTiO3 in order to 

tailor the intrinsic properties of the PDMS by a large number of researchers worldwide. 

Zhang et. al has recently reported the development of a triboelectric nanogenerator 
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based on BaTiO3/PDMS composite, which can generate an output voltage of 72 V and 

power 5.5 µW/cm2 [3]. Again, a use of Barium Titanate/PDMS composite for the 

fabrication of hybrid energy harvesting device with an output voltage of 10 V was 

reported by Suo et al. [4]. Interestingly, suitable modifications in order to achieve 

preferred characteristics from Barium Titanate can be achieved using common 

approaches like domain engineering, elemental doping, etc. [5,6]. Such an approach 

was utilized successfully by Dudem et al., where Al was used to modify the properties 

of BaTiO3 before using it as a filler in the PDMS matrix to fabricate an efficient hybrid 

energy harvesting device [7]. BaTiO3/MWCNT has also been used as filler to fabricate 

a hybrid energy harvester with a power generating capacity of 4.61 mW/m2 [8]. As 

already discussed in the last chapter, the formation of morphotropic phase boundaries 

within the ceramic fillers through specific cation doping can effectively enhance the 

piezoelectric properties [9–12]. Driven by the concept, Sn4+ has been doped in the Ti 

site of BaTiO3 to successfully enhance the piezoelectric properties of the ceramic filler 

[13,14]. Such elemental doping can significantly enhance the piezoelectric coefficient 

of the ceramic filler due to its four-phase coexistence [13,14]. Therefore, this chapter 

includes an insight analysis of the detailed pathway starting from the modifications of 

the intrinsic properties of PDMS by BTS fillers to the fabrication of an effective flexible 

piezo-triboelectric hybrid energy harvesting device with adequate power density.  

5.2. Experimental 

BaTi0.89Sn0.11O3 (BTS) powders were successfully synthesized using the modified 

Pechini method and incorporated inside PDMS. To maintain the flexibility of PDMS 

and also to get advantageous prospects of BTS, BTS loading inside PDMS was limited 

upto 20 wt% (5 wt%, 10 wt%, 15 wt% and 20 wt%) (details are elaborated in chapter 

2). These composites were used for the fabrication of piezoelectric and hybrid energy 

harvester. To fabricate a triboelectric energy harvester only PDMS film was used as the 

negative layer and normal printer paper was used as the positive triboelectric layer 

(details are described in Chapter 2). For wireless power transfer induction-based 

resonance coupling method was utilized. 
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5.3. Results and discussions 

5.3.1 Filler characteristics 

5.3.1.1 Structural characteristics 

 

Fig. 5.1 Rietveld Refined X-ray Diffraction pattern of as-prepared BTS powders 
illustrating the coexistence of Amm2, P4mm, R3m, and Pm-3m phases of BTS along 
with respective phase percentage. 

 

BTS was included in this study because of its exceptional piezoelectric properties, 

resulting from the simultaneous presence of various phases. Therefore, it was crucial 

to investigate the structural and elemental characteristics of the synthesized BTS 

particles. Figure 5.1 shows the X-ray diffraction pattern of the produced BTS particles. 

To gain a deeper understanding of the phase structure, Rietveld refinement was done. 

The refinement process revealed the best match when considering a combination of 

non-centrosymmetric Orthorhombic (Amm2), Tetragonal (P4mm), and 

Rhombohedral (Hexagonal axis) (R3m) phases, as well as a centrosymmetric Cubic 

(Pm-3m) phase within Barium Titanate. This fitting yielded a satisfactory parameter 

(χ2) value of 1.46. The quantitative analysis indicated that the fractions of these phases, 

Amm2, P4mm, Pm-3m, and R3m, were 23.94%, 14.09%, 51.23%, and 10.74%, 

respectively, confirming the presence of multiple phases (Fig. 5.1). Additional 

information on unit cell parameters and profile fitting factors can be found in Table 

5.1. In this context, it's important to note that the coexistence of multiple phases within 
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nanodomains reduces the energy barrier at phase boundaries. This phenomenon 

promotes polarization rotation and contributes to a high piezoelectric coefficient 

[15,16]. This is supported by the optimal d33 value of 412 pC/N observed in the poled 

sintered BTS pellet. 

Table 5.1 Rietveld Refined lattice parameters and fitting factors of synthesized BTS. 

 

5.3.1.2 Morphological and Elemental Characteristics 

Fig. 5.2(a) reveals the SEM image of the synthesized BTS particles showing their 

morphology to be irregular (quasi-spherical). Energy Dispersive X-ray Spectra (EDS) 

in Fig. 5.2(b) clearly demonstrates the presence of required elements with nearly the 

prerequisite ratio prohibiting the effect of any type of chemical segregation. To clarify 

the homogeneous distribution of all the elements EDS mapping was carried out. EDS 

mapping presented in Fig. 5.2(c) proves the uniform spreading of Barium (Ba), 

Titanium (Ti), Tin (Sn), and Oxygen (O) throughout the sample. Further analysis of 

the elements and their charge state was carried out with the help of X-ray 

Photoelectron Spectroscopy (XPS) shown in Fig. 5.2(d-h). Fig. 5.2(d) shows the XPS 

survey spectrum of BTS, which exhibits the existence of Barium, Tin, Titanium, and 

Oxygen. High resolution core level spectrum of the Ba 3d can be seen in the Fig. 5.2(e). 

Space 
Group 

Lattice Parameters At
o

ms 

Atomic sites Relati
ve 

phase 
perce
ntage 

Refineme
nt fitting 
factors 

a b c 

 
 

Amm2 

 
 

4.0148 

 
 

5.6795 

 
 

5.6885 

Ba 0.0, 0.0, 0.0  
 

23.94% 

 
 
 
 
 
 
 

Rp =17.8% 
Rwp=18.3% 
Rexp=15.21% 
𝑥2 = 1.46 

Ti 0.5, 0.0, 0.517 
O1 0.0, 0.0, 0.489 
O2 0.5, 0.256, 

0.248 
Sn 0.5, 0.0, 0.517 

 
 

P4mm 

 
 

4.0209 

 
 

4.0209 

 
 

4.0440 

Ba 0.0, 0.0, 0.0  
 

14.09% 
Ti 0.5, 0.5, 0.486 
O1 0.5, 0.5, 0.016 
O2 0.5, 0.0, 0.474 
Sn 0.5, 0.5, 0.486 

 
Pm-3m 

 
4.0173 

 
4.0173 

 
4.0173 

Ba 0.5, 0.5, 0.5  
51.23% Ti 0.0, 0.0, 0.0 

O 0.5, 0.0, 0.0 
Sn 0.0,0.0, 0.0 

 
R3m 

 
5.6828 

 
5.6828 

 
6.9631 

Ba 0.0, 0.0, 0.0  
10.74% Ti 0.0, 0.0, 0.488 

O 0.162, 0.333, 
0.425 

Sn 0.0, 0.0, 0.488 
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From Gaussian peak fitting it can be noticed that both the Ba 3d3/2 and Ba 3d5/2 peaks 

are composed of two peaks. Ba 3d3/2 has two components situated at binding energy 

values of 796.6 eV (Ba I) and 794.9 eV (Ba 3d3/2). The binding energy values  

 

Fig. 5.2 (a) SEM image of the synthesized BTS particles. (b) EDS spectra along with 
the percentage elemental composition of BTS reveal the presence of Ba, Sn, Ti, and O 
in BTS particles. (c) EDS mapping of all elements of BTS. XPS (d) survey spectra, (e) 
Ba 3d, (f) Sn 3d, (g) Ti 2p and (h) O 1s spectra of BTS. 
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for the components of Ba 3d5/2 are 781.18 eV (Ba II) and 779.55 eV (3d5/2). According 

to previous reports [17–19], Ba I and Ba II are associated with the surface of the 

material whereas the 3d3/2 and 3d5/2 are corresponding to the perovskite structure of 

the BTS particles. There are two peaks at binding energy values of 495.51 eV and 

487.09 eV, which are corresponding to Sn 3d3/2 and Sn 3d5/2, respectively. These 

energy values are related to the peaks of Sn4+ [20]. Fig. 5.2(g) shows the binding energy 

gap of 5.7 eV between Ti 2p1/2 (464.84 eV) and Ti 2p3/2 (459.07 eV) which manifests 

the presence of only Ti4+ ion [21]. Fig. 5.2(h) displays the high-resolution O 1s spectra 

of BST40 sample which is fitted into two peaks. The low energy peak at 530.19 eV is 

due to the contribution from lattice oxygen those bonds with Ba, Sn and Ti atoms 

whereas; the peak at high energy (531.98 eV) comes from the hydroxylation of surface 

due to air contamination [19]. This part shows the presence of oxygen vacancy in the 

sample [18]. 

5.3.1.3 Thermal characteristics 

 

Fig. 5.3 DSC study of synthesized BTS particles within a temperature range of -20ºC 
to 200ºC. 

To further confirm the coexistence of phases in BTS, Differential Scanning Calorimetry 

(DSC) was carried out (as given In Fig. 5.3). Fig. 5.3 displays the DSC thermograph of 

the BTS particles between -20 ºC to 200 ºC. DSC thermograph shows the presence of 

three endothermic peaks situated at ~ 40 ºC, ~ 50 ºC and ~ 60 ºC. This particular 

nature of the DSC thermograph further confirms that the synthesized BTS particles 

contain different phases of Barium Titanate. These endothermic peaks correspond to 
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the R-O, O-T and T-C phase transition of Barium Titanate, respectively. Therefore, the 

coexistence of multiple phases is confirmed through the DSC study. 

5.3.1.4 Electrical characteristics 

 

Fig. 5.4(a) Relative Permittivity, (b) dielectric loss tangent with a variation in 
temperature (-150ºC to 150ºC) at some certain frequencies (100 Hz, 1 kHz, 10 kHz, 
100 kHz, and 500 kHz) revealing the peak positioned at ~ 50ºC, (c) relative 
permittivity and loss tangent of BTS at RT(25ºC) within a frequency range from 100 
Hz to 1 MHz, (d) Ferroelectric polarization vs electric field (P-E loop) of the BTS pellet 
on the application of external electric field at frequency 1 Hz, (e) measured d33 value 
of BTS pellet. 

For the sake of confirmation of the multiple phase coexistence in BTS particles 

temperature dependent dielectric properties were performed (Fig. 5.4(a) and Fig. 

5.4(b)) in the temperature range of -150ºC to 150ºC. It should be highlighted here that 



Chapter 5 

186 

the presence of any peak in the temperature variation of dielectric permittivity and 

tangent loss can be attributed to the phase transition temperature of that material. A 

closer observation of both the curves reveals the presence of a phase transition 

temperature at ~ 50ºC, which is in fair agreement with the results reported earlier for 

the given composition [22,23]. This temperature variation of loss tangent of BTS is in 

well agreement with the temperature variation of relative permittivity. In case of 

BaTiO3, three distinguishable peaks are observed in the temperature variation of 

relative permittivity and loss tangent [24]. However, these three peaks merge in a 

single one at around 50ºC with 11 wt% doping of Sn at the Ti site of BaTiO3. This is due 

to the formation of morphotropic phase boundary in BTS. In this context, it should be 

highlighted here that, the observed temperature range in Fig. 5.3 is in well agreement 

with the temperature variation of dielectric properties of BTS. Again, the frequency 

dependence of the dielectric permittivity of BTS (Fig. 5.4(c)) reveals a sustainable high 

value in the entire frequency range (100 Hz to 1 MHz, dielectric permittivity ~ 5312, 1 

kHz, 25ºC) (Fig. 5.4(c)) with a considerable low tangent loss (0.0256, 1 kHz, 25ºC) 

(Fig. 5.4(c)). In addition to that, BTS also possesses good ferroelectric properties as 

evident from Fig. 5.4(d), with a saturation polarization value of 9.7 µC/cm2 at an 

electric field of 8.84 kV/cm. To confirm its good piezoelectric nature, sintered BTS 

pellets were poled to 1 kV/mm for 1 h. Direct measurement of piezoelectric charge 

coefficient (d33) measures its value to be 412 pC/N (Fig. 5.4(e)). These excellent 

physicochemical properties confirm the suitability of BTS as a filler material in PDMS, 

beneficial for the output properties of a hybrid energy harvester. 

5.3.2 Mechanism for Hybrid Energy harvesting 

The fundamental operational mechanism of the fabricated contact separation mode-

based hybrid energy harvester is illustrated in Fig. 5.5(i-vii). In the primary state (step 

i), under no external pressure, the two functional layers (paper and BTS/PDMS 

surface) are in stable mode and hence there is no charge generation. With the 

application of compressive stress, the two layers come in close contact (step ii) with 

each other. When these two layers are just in contact with each other, the triboelectric 

effect (contact electrification) appears. Due to their contrast in charge affinity, the 

paper gets the positive surface charge, and the negative surface charge is induced on  
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Fig. 5.5 Fundamental working mechanism of hybrid energy harvester device. 

BTS/PDMS surface. At the same time, the applied force also compresses the 

BTS/PDMS layer (step iii) which results in the generation of piezoelectric effect due to 

the inherent piezoelectric nature of BTS particles. As the BTS/PDMS layer was not 

poled before this device fabrication, the piezoelectric effect that appeared here may be 

considered to be due to the stress-induced poling effect [25–27]. (Here it can be noted 

that polarization in piezoelectric materials can be induced in two ways one by applying 

an external electric field and another one by applying external mechanical stimuli.) 

Due to this effect, a piezoelectric potential is generated across the thickness of the 

BTS/PDMS layer when it is acted upon by external mechanical stimuli in the same 

direction [25–27]. To balance this potential, opposite free charges (opposite to the 

charges of aligned BTS dipoles residing just below the respective surfaces of the 

BTS/PDMS layer) are induced in the lower and upper Al electrodes resulting in the 

flow of piezoelectric current through the external circuit. (Here it is worth mentioning 

that the piezoelectric free charges are developed on both the electrodes by the method 

of electrostatic induction driven by the generated piezoelectric potential across the 

active layer. The induction process may appear even without direct contact with 

materials which justifies the development of piezoelectric charges in the upper 

electrode even though a paper layer is there in between this electrode and the active 

layer [28]. With the removal of the external pressure (step iv), the decompression of 

BTS/PDMS layer occurs and the opposite piezoelectric potential (compared to that of 
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the earlier one) is generated which results in the generation of piezoelectric current in 

the opposite direction. As soon as the complete decompression is achieved, the upper 

paper layer starts separating from the lower BTS/PDMS layer during this removal of 

force (step v). As a result of this fact, the formation of the positive charge takes place 

on the bottom Al electrode due to electrostatic induction from the negatively charged 

BTS/PDMS surface. As a result, an electric current start flowing from the top to bottom 

Al electrode due to the unidirectional movement of electrons in the opposite direction. 

As soon as the electrodes move back to their stable state (step vi), the electrostatic 

equilibrium condition is achieved. Again, when there is an application of external 

stimuli (step vii) the equilibrium condition is terminated and electrons start to flow in 

the opposite direction leading to the opposite peak of the output signal [25–27]. The 

output performance of the fabricated HEH device comes from the synergistic effect 

between the piezoelectric and triboelectric phenomena. When, a piezoelectric active 

material such as BTS is incorporated in PDMS for the fabrication of such a HEH 

device, the piezo-active material undergoes a mechanical deformation due to the 

applied strain. Consequently, the dipoles present in the active material (BTS/PDMS) 

try to align along the direction of applied stress under stress-induced polarization. 

Again, due to the presence of the field generated due to the triboelectrification, the 

alignment of the dipoles will be considerably augmented resulting in the enhancement 

of dipolar polarization. Thereby, more negative charges are generated on the negative 

triboelectric surface, resulting in further enhancement in the triboelectric 

performance of the device during the operation of HEH. In this way, the overall output 

performance of HEH increases due to the coupling of triboelectric and piezoelectric 

effects inside the device [29]. With the application of repeated mechanical stimuli, this 

cycle continues periodically resulting in the generation of alternating electrical output 

signal. 
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5.3.3 Energy harvesting performance of the fabricated energy 
harvester devices 

 

Fig. 5.6(a) Piezoelectric voltage output, (b) current output of BTS/PDMS based 
piezoelectric energy harvester.  

As discussed in the previous section, the output generated from a hybrid energy 

harvesting device can be considered as a synergistic effect of both piezoelectric and 

triboelectric outcomes. Therefore, it is now essential to investigate the effect of BTS 

particles in PDMS matrix in enhancing the output energy harvesting performance. For 

this purpose, the piezoelectric output signals from BTS/PDMS based composite films 

were recorded under repeated human finger tapping. To fabricate a piezoelectric 

energy harvester, the 5 wt%, 10 wt%, 15 wt%, and 20 wt% BTS particles incorporated 

PDMS composite films were sandwiched between two Aluminium (Al) electrodes and 

encapsulated using PET sheet. Two copper wires were connected to the Al electrodes 

for output performance measurements. The peak-to-peak output voltage (V) and 

output current (I) obtained from the piezoelectric energy harvesters on the application 

of a finger flapping force of ~100 N at a rate of 4 Hz is presented in Fig. 5.6(a) and Fig. 

5.6(b), respectively. With the increment in BTS wt% inside PDMS the generated peak 

to peak piezoelectric output at first increased and then decreased after the BTS doping 

exceeds the 15 wt% limit. At first incorporation of BTS inside the PDMS matrix 

increased the piezoelectric voltage due to the high intrinsic piezoelectric voltage 

coefficient of BTS. Due to the inhomogeneity and agglomeration, after 15 wt% BTS 

doping results in a decreased piezoelectric output. It can be seen from both the figures 

that the film with 15 wt% loading of BTS (indexed as PEH15) showed the maximum 

output voltage and current confirming its superiority for piezoelectric power 
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generation. Table 5.2 tabulates the output voltage and output current generated from 

the respective piezoelectric energy harvesters. 

Table 5.2 Piezoelectric output from the BTS/PDMS composites with the variation of 

BTS concentration 

 

Further, a comparative study of the output voltage and current generated from the 

hybrid energy harvesters (based on 5, 10, 15, and 20 wt% loaded BTS/PDMS 

composite) was performed (Fig. 5.7(a) and 5.7(b)). A closer observation of both Fig. 

5.7(a) and Fig. 5.7(b) demonstrates that the incorporation of BTS inside the PDMS 

matrix increased the output voltage and current of the resulting hybrid energy 

harvester, with a maximum value obtained for 15 wt% loading of BTS. In this context, 

it should be highlighted that as mentioned earlier the maximum piezo output was 

obtained for the same loading fraction of BTS in PDMS (15 wt%). 15 wt% BTS loaded 

PDMS and paper-based HEH was able to generate the output voltage of ~358 V and 

output current of 36 μA, respectively under the tapping force of 100 N at a rate of 4 

Hz, which is nearly 8-fold than that of the 15 wt% BTS/PDMS PEH (~ 46 V) and nearly 

3-fold than that of the bare PDMS and paper-based TEH (~ 125 V) under same force 

condition (Fig. 5.7(d) and Fig. 5.7(e)). This enhancement in the output performance of 

the hybrid energy harvesters can be explained by the dielectric permittivity parameters 

of the functional layers as it plays a crucial role in determining the output energy 

harvesting performance of the final device [5,30]. The frequency dependent (100 Hz 

– 1 MHz) dielectric permittivity graphs of all the BTS/PDMS based composite films as  

 

BTS doping 

wt% inside 

PDMS 

Average peak to peak 

Piezoelectric Voltage Output 

(V) 

Average peak to peak 

Piezoelectric 

Current Output (µA) 

5 26 1.5 

10 40 3.0 

15 46 4.4 

20 25 1.6 
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Fig. 5.7(a) Output voltage and (b) Output current with the variation in BTS doping 
weight% inside PDMS for HEH devices. (c) Relative Permittivity of the BTS/PDMS 
composite films with a variation in frequency (100 Hz – 1 MHz). Generated (d) 
Output voltage and (e) Output current from different device structures (PEH15, TEH, 
and HEH15). (f) Generated voltage, measured current density, and power density of 
the hybrid energy harvester made of 15 wt% BTS doped PDMS composite film with a 
function of load resistance (100 kΩ – 100 MΩ). Electrical output measurements were 
done using finger tapping. 

presented in Fig. 5.7(c) suggested almost 1-fold increment of the dielectric permittivity 

of 15 wt% BTS/PDMS film compared to that of bare PDMS. This gradual enhancement 

of dielectric permittivity of the BTS/PDMS films with the increase in BTS filler wt% 
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(up to 15 wt%) was directly associated with the intrinsic high polarization of BTS 

particles. This enhancement of dielectric permittivity of the used functional layer 

(BTS/PDMS composite film) improved their charge storage capacity which in turn 

augmented the output performance of the HEH device via an enriched 

triboelectrification process [31]. But, as there was only a ~ 1-fold increase in dielectric 

permittivity which was comparatively less than the increase in output voltage (~ 2-

fold) of the HEH for 15 wt% BTS/PDMS based film compared to that of bare PDMS, it 

is obvious that there were some other additional effects which played a significant role 

in the performance enhancement of the HEH. Due to the poor frictional force between 

PDMS and paper surface, the produced triboelectric charge was small and the output 

performance was comparatively low. The enhancement in the surface roughness of the 

composite films due to ceramic filler inclusion helped in enhancing the frictional force 

between the two layers of the HEH along with the increase in surface charge density 

of the composite film [5,32]. Enhancement of these parameters played a positive role 

in augmenting the HEH output. On the other hand, the enhanced piezoelectric 

properties of the BTS/PDMS films (as described earlier) caused by the highly 

piezoelectric BTS fillers also helped to couple the piezoelectric output electricity with 

triboelectric output which in turn, improved the final output performance. All these 

factors, as mentioned above, acted synergistically in improving the output 

performance of the fabricated HEH. Additional doping of BTS into PDMS beyond 15 

wt% weakened the output (for 20 wt% filler loading) which is attributed to the 

formation of agglomerates of BTS particles inside the PDMS matrix [2,25,27]. This 

agglomeration of BTS particles beyond 15 wt% can also be confirmed from the 

decrement of the dielectric permittivity (Fig. 5.7(c)) beyond 15 wt% loading inside 

PDMS matrix [25]. Here, it is to be mentioned that the PET sheet, which has been used 

as a support structure during the device fabrication in the present work, is also a well-

known triboelectric material that has been very often used as a negative triboelectric 

layer in triboelectric nanogenerators [33,34]. Thus, the use of this material in the 

present type of hybrid devices may always lead to a possibility of friction charge 

generation either from contact electrification from other active layers or from contact 
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electrification from ambient air. So, to decrease any effects due to the substrate (PET), 

all the HEH devices were fabricated using the same fabrication technique, including 

the device fabricated with bare PDMS. So, during comparison, the net effect of PET on 

the performance of the hybrid devices can be avoided. In addition to that, as observed 

from the present experiments, the devices showed a significant variation in their 

output performances with several inherent properties of the active BTS/PDMS layer 

despite the presence of a PET support structure for all of them. This proves that the 

effect of contact electrification of PET with ambient air (which might be present here 

in small amounts) is negligible compared to the effect of various physiochemical 

parameters of BTS/PDMS films. (If PET could render a strong effect on the output 

performance of the devices fabricated here, much variation of output electrical signal 

with the inherent properties of BTS/PDMS composites could not be observed.) Thus, 

it can be concluded that the output properties of the fabricated HEHs mainly depend 

on the properties of the used active layers and can be effectively modified with 

piezoelectric BTS filler loading within the PDMS matrix. As the 15 wt% BTS doped 

PDMS was observed as the optimal composite in the viewpoint of HEH output, it was 

employed for further analysis and experiments regarding real-life applications and 

indexed as HEH15. 

In order to clarify the fundamental mechanism of output performance of the HEH15 

device, in the synergistic mode consisting of both piezoelectric and triboelectric part, 

a systematic study where the electrical output of both the individual parts were 

scrutinized. The output performance of the piezoelectric (PEH15), triboelectric (TEH) 

(fabricated via replacing the BTS/PDMS film of the hybrid device structure), and 

piezo-tribo hybrid device HEH15 was observed separately. To elucidate the output 

electricity generation from the above three devices (PEH15, TEH, HEH15), the same 

force was applied to all of them. Under these mechanical stimuli, the generated peak 

to peak maximum output voltage and current for PEH15, TEH, and HEH15 was found 

to be ~ 46 V, 125 V, and 358 V (Fig. 5.7(d)) and 4.4 μA, 11 μA and 36 μA (Fig. 5.7(e)), 

respectively. It is worthwhile to mention here that the generated current for the 
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piezoelectric devices compared to the triboelectric devices are smaller. The lower value 

of current is quite obvious for any kind of piezoelectric energy harvesting device as the 

output current for such devices is directly related to the Maxwell displacement current 

[35,36]. Such displacement current depends upon the cross-sectional area of the 

device, surface polarization as well as the corresponding surface boundary. Such 

polarization charges only exist at the boundary surfaces. In the present case as we have 

used a common sandwich structure to fabricate the piezoelectric energy harvester the 

polarization charges utilized to generate output current only exist in the two interfaces 

between the positive and negative electrode and the BTS/PDMS composite.  Again, the 

polarization charges which appear at the boundary surfaces are solely due to the 

presence of BTS in PDMS (which acts as the filler in the non-piezoelectric PDMS 

matrix). Thus, the amount of polarization charges generated is also limited as it 

depends upon the percentage of filler loading. This results in a lower output current of 

the piezoelectric device. On the other hand, the output current obtained from the 

triboelectric energy harvesting device can also be related to the Maxwell displacement 

current [37]. Thus, the output current generated from the triboelectric energy 

harvester depends upon the surface charge density of the triboelectric layers. Now, 

when the two triboelectric surfaces touch each other due to contact electrification 

positive and negative charges get accumulated at the positive tribo (paper) and 

negative triboelectric layer (PDMS). As PDMS acts as a good triboelectric material so 

the generated charged density on the entire surface of the PDMS and paper will be 

quite higher. This results in a higher triboelectric output current in comparison to the 

piezoelectric device. Similar, results are also obtained for other HEH devices [2,7,38]. 

To further check the sustainability of the fabricated device the HEH15 was subjected 

to continuous operation after several weeks and it does not show any considerable 

degradation in output performance as displayed in Fig. 5.8. These results are a clear 

demonstration of the fact that the incorporation of piezoelectric material inside 

triboelectric layer can significantly enhance the electrical output of the resulting 

HEH15 device.  
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Fig. 5.8 Output performance of HEH15 device over eight weeks. 

To investigate the maximum power generation capability of the fabricated HEH15, the 

external load (resistance 100 kΩ – 100 MΩ) dependent output voltage (V) (Fig. 5.7(f)) 

was measured. Output voltage followed the increasing nature with external load 

resistance and got saturated after 20 MΩ resistance. The variation of current density, 

as well as instantaneous power density with varying load resistance is illustrated in 

Fig. 5.7(f) (Current density (I/A) was simply calculated by dividing the output voltage 

(V) by the corresponding resistance (R) and the essential device area (A). The 

instantaneous power density (P) was computed using the relation P = V2/(R⋅A). The 

fabricated HEH15 was able to produce a maximum instantaneous power density of 

1.08 mW/cm2 at an external resistance of 16.7 MΩ. In this regard it is worthwhile to 

mention here that the output performance of the fabricated HEH15 is quite 

comparable with the recently reported lead free BaTiO3/PDMS based and energy 

harvesting devices where paper is used as the positive triboelectric layer as illustrated 

in Table 5.3 and Table 5.4, respectively. 
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Table 5.3 Comparison of output performance of lead-free BaTiO3 impregnated 

PDMS based energy harvesters 

 

Materials 

used 

Voltage (V) Current Power density Ref 

With

out 

filler 

With 

filler 

With

out 

filler 

With 

filler 

Without 

filler 

With 

filler 

BaTiO3/PDMS 22 72.2 0.65 

µA 

1.82 µA ----- 5.5 

µW/cm2 

[20] 

BaTiO3/PDMS 4 10 ---- --- ---- ---- [21] 

BaTiO3 -

MWCNT-

PVDF/PDMS 

15.23 19.26 0.54 

mA/

m2 

0.84 

mA/m2 

6.23 

mW/m2 

4.61 

mW/m2 

[24] 

BaTiO3/PDMS 150 380  12 

µA/c

m2 

30 

µA/cm2  

-- 2.5 

mW/cm2 

[53] 

BaTiO3/PDMS 40 60 0.5 

µA 

1 µA 48.1 

mW/cm2 

97.41 

mW/m2 

[54] 

Al doped 

BaTiO3/PDMS 

252 580 22.6 

µA 

44 µA 6.08 

W/m2 

28.1 

W/m2 

[55] 

BaTiO3/PDMS 120 280 0.8 

µA 

5.6 µA -- 0.040 

mW/cm2 

[56] 

BaTi0.89Sn0.11

O3 

/PDMS 

125 358 11 µA 36 µA -- 1.08 

mW/cm
2 

This 

wor

k 
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Table 5.4 Comparison of output performance of energy harvesting devices where 

paper is used as a triboelectric layer. 

+ve Tribo 

material 

-ve Tribo 

material 

electrode Volta

ge 

(V) 

Current

/ 

Current 

density 

Power 

densit

y 

(mW/ 

cm2) 

Ref 

Printer 

Paper 

PTFE Al 20 2 µA 0.0140 [32] 

Printer 

Paper 

FEP ITO 90 0.6 

µA/cm2 

0.0285 [33] 

Cellulose 

Paper 

Poly(caprolact

one) / GO 

Au 120 2.5 

mA/cm2 

0.0072 [57] 

Crepe 

Cellulose 

Paper 

Nitrocellulose 

Paper 

Cu 196.8 31.5 µA 1.6100 [58] 

Polypyrrol

e / 

Cellulose 

paper 

Nitrocellulose 

Membrane 

Polypyrrole / 

Cellulose 

paper 

60 - 0.0830 [59] 

Paper PTFE Graphite 85 3.75 µA 0.0398 [60] 

Cellulose 

nano paper 

Polylactic Acid PEDOT: PSS  0.92 µA 0.0211 [37] 

Paper Teflon Tape Conductive 

ink 

119 29.75 µA 0.2950 [61] 

Printer 

Paper 

BTS/PDMS Al 358 36 µA 1.0800 This     

wor

k 
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5.3.3.1 Feasibility of the fabricated HEH15 in real-life applications 

 

Fig. 5.9 Measured output voltage patterns attaching the HEH device beneath the 
shoe from different activities (a) walking, (b)jogging, (c) jumping. (d) Generated 
output voltage patterns by writing English alphabet capital letters (A – E) on the 
HEH15 device using a pencil. 

Utilization of the human body’s motion-based energy in order to generate electrical 

energy can revolutionize the power solutions required for modern-day flexible smart 

electronics. Thus, to check the real-life applicability of the fabricated device, HEH15 

was further investigated to scavenge human body motion-based energy. For the sake 

of the presentation of harnessing mechanical energy from human body movements, 

the fabricated HEH15 device was affixed beneath a shoe. The appearance of a negative 

pulse in the voltage pattern of walking was due to the compression of the device by our 

foot and when the foot was removed from the device it generated a positive pulse. For 

jogging and jumping activity (Fig. 5.9(b) and Fig. 5.9(c)), small output signals related 

to the damping phenomenon occurred. This may correspond to the damping nature of 

the applied pressure during jogging and jumping, which was absent for walking or 
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finger imparting. Interestingly, this typical nature of the device can be utilized to 

differentiate and analyze the complications related to foot and joint movements of 

different human beings by collecting the output electrical signals which in turn may be 

very beneficial in various healthcare monitoring [51]. Therefore, the device shows a 

promising aspect in the field of rehabilitation purposes in the medical field. 

Besides the biomechanical energy harvesting and usage of the device in the medical 

rehabilitation field, it can also be used to harvest and/or sense different other ambient 

mechanical stimuli too. To demonstrate this, the device was utilized to analyze 

patterns of writing and harvesting energy from this mechanical stimulus. Writing is a 

widely used method of communication and representative of a language. So, to harvest 

energy from this ever-wasted energy source we have utilized the fabricated HEH15 

device as a writing pad. For demonstration purposes, only the letters ‘A’, ‘B’, ‘C’, ‘D’, 

and ‘E’ were written, and the characteristic output voltage patterns are shown in Fig. 

5.9(d). The output patterns obtained via writing these letters on the device showed a 

significant difference between them in terms of intensity and periodicity. To observe 

the repeatability, the above-mentioned letters were written several times (3 times 

illustrated in Fig. 5.9(d)) and the generated output patterns were the same in all the 

cases. Thus, along with energy harvesting from writing, the device can be suitably used 

for code language communication for security purposes, recognition of letters in smart 

robotics, and smart sensing of writing. This applicability of the device can also be 

utilized for communication between patients and doctors for medical purposes which 

can improve the field of medical diagnosis. Not only in energy harvesting from writing, 

the fabricated device thus can be applied in energy harvesting from various other 

ambient mechanical stimuli if coupled suitably with the corresponding source. Thus, 

it is worth mentioning that the device is very effective to be applied in several real-life 

applications. 
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5.3.3.2 Wireless power transfer using HEH15 via inductor based resonant 

coupling technique 

 
Fig. 5.10 (a) Experimental setup for the HEH15 based wireless power transfer. The 
(b) transmitted and (c) received waveform patterns (voltage) when the coil distance 
is 4 cm and the system functions on the resonance coupled state. (d) Fast Fourier 
Transformation (FFT) spectra of the waveform patterns from the transmitter and 
the receiver. (e) Voltage at the receiver ends with the variation in coil distance. (f) 
Variation in load resistance (RL) to achieve resonance coupled state with the change 
in coil distance. (g) Dependency in receiver voltage with the variation in load 
resistance (RL) at various coil distances (2, 4, 6, 8, 10 cm). 
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It is observed that portable and low-power consuming electronic devices are very often 

required to be applied in wireless mode, especially in bio-medical applications during 

diagnosis and treatments [52–55]. Therefore, in order to demonstrate the usability of 

the fabricated HEH15 device in a wireless power transmission system, it was utilized 

as the power source of the wireless power transmission system. Inductor based 

resonant coupling circuit was utilized here in this work for the desired wireless 

transmission of energy. A schematic presentation of the HEH15-powered wireless 

induction-based power transfer system used in the present work is shown in Fig. 

5.10(a). This induction-based wireless HEH15 (IWHEH) consists of two parts, a 

transmitter, and a receiver. In the transmitter portion, there is the HEH15 device 

attached with a single contact micro switch, a tank circuit comprising of an inductor 

(LT) and a capacitor (CT), and parasitic resistance RT [52]. Whereas, at the receiver side 

there is another inductor (LR) and a capacitor (CR) in series connection along with a 

parasitic resistance (RR) and the load resistance (RL) connected in series. Fig. 5.10(b) 

and 5.10(c) show the transmitter and receiver voltage signal which is measured across 

the inductor (LT) and load resistance (RL) respectively. When an alternating current 

generated from the HEH15 device comes to the tank circuit, it first charges the 

capacitor. After the capacitor gets fully charged then it starts charging the inductor. 

With the increment in charging current inside the inductor, it instantly produces a 

circular magnetic field (according to Ampere’s law) around the inductor which is made 

by bending the copper wire into a coil. After reaching a maximum value, when the 

current starts decreasing, the inductor starts to supply energy back to the capacitor in 

the reverse direction. That is why ceramic capacitor which has both chargeable 

terminals have been used rather than the electrolyte capacitor. As the energy flows 

back and forth between the capacitor and inductor loss of energy occurs. Therefore, 

the produced voltage output from the transmitter part is a damped oscillating signal. 

As a result of this fact, the nature of the output signal collected directly from the device 

(Figure 5.7(a)) has been observed to be significantly different from the output signal 

collected from the transmitter inductor under similar input mechanical stimuli. Now, 

due to the presence of the receiver inductor within the created magnetic field of the 

transmitter inductor, electromotive force (emf) is induced which simultaneously 

generates an ac current in the receiver circuit [56,57]. To get the maximum output at 

the receiver circuit, two inductor coils were placed coaxially to each other. For a perfect 

coupling setup between the transmitter and the receiver, the resonant frequency of the 
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receiver part was modulated to the resonant frequency of the LTCT tank circuit. For 

matching the resonance frequency, primarily CR was varied by keeping all other 

parameters fixed. The diameter and inductance of the coils were also fixed throughout 

the experiment. The resonant coupled state was achieved by varying the CR to a value 

of 100 pF. The matching of the resonance frequency of the transmitter and receiver 

section was confirmed from the Fast Fourier Transform (FFT) of the transmitter and 

receiver voltage signal for the mentioned values (Table 5.5) of the components of the 

circuit. At this resonance condition, the measured peak to peak voltage was ~ 117 V at 

the transmitter part and ~ 20 V at the receiver part.  

Table 5.5.  Values of all the components of the IWHEH system. 

Distance between two coils 4 cm 

Diameter of the coils (LT, LR) 14 cm 

Inductance (LT, LR) 100 µ𝑯 

Resistances (RT, RR) 1 𝜴, 1 𝜴 

Capacitance (CT + intrinsic capacitance of 

HEH) 

100 pF 

Capacitance (CR) 100 pF 

Load resistance (RL) 680 𝜴 

 

The output signal largely depends on the values of the components used to design the 

circuit and the resonant coupling between the transmitter and receiver. Therefore, the 

output receiver voltage was measured as a function of the distance between two coils 

keeping all other parameters the same as that mentioned in Table 5.5. Fig. 5.10(e) 

shows the variation in receiver voltage as a function of coil distance, which is a very 

common phenomenon in WPT. The peak to peak output voltage changed from ~34 V 

to ~20 V when the distance between the two inductor coils was changed from 2 cm to 

4 cm. This decrease in receiver voltage with the increase in the distance between two 

coils is a very common phenomenon in WPT and is directly associated with the 

disturbance of resonance condition and reduction in induced electromotive force. The 



Chapter 5 

203 

resonance condition can be restored by changing the RL value along with the variation 

of coil distance which are shown in Fig. 5.10(f-g). Fig. 5.10(f) shows the values of RL 

required to maintain the resonance condition at a specific coil distance and Fig. 5.10(g) 

presents the receiver voltage as a function of both RL and the coil distance. The 

occurrence of different receiver voltage at the resonance condition associated with 

different coil distances is directly governed by the variation of emf with the variation 

of coil distance. The ability of the HEH15 device to transfer power in different 

conditions, especially in different coil distances, thus confirmed its superiority in 

various real-life applications which specifically require the portable wireless power 

transfer technology. 

 

Fig. 5.11 (a) Schematic of the wireless power transfer mechanism. (b) Circuit 
diagram of the wireless power transfer setup for application purposes. (c) A digital 
image of the used wireless power transfer system with the coil distance at 4 cm, 
enlarged image of the LEDs connected in series in OFF condition and ON condition. 
(d) Charging and discharging curves of 1 µF and 2.2 µF commercial capacitor from 
the voltage of rectified receiver output (transmitter coil and receiver coil are in the 
resonant state at a distance of 4 cm). Digital image of the corresponding OFF and 
ON state of wirelessly powered (e) slide callipers, (f) digital watch, (g) backside view 
of the batteryless connection of digital calculator, (h) front view of the calculator 
representing OFF and ON state of powered by wirelessly transmitted power. 

Now, to authenticate the wireless power transfer capability of the IWHEH system, 

some real-life applications were tested. For this purpose, the device structure was kept 

the same and similar mechanical stimuli were applied to the device while the coil 
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distance was kept constant at 4 cm. The schematic diagram of the HEH powered 

induction based wireless power transfer is shown in Fig. 5.11(a). The generated 

alternating signal from the receiver circuit, upon continuous mechanical impact on the 

HEH device connected to the transmitter, was rectified using a DB107 bridge rectifier 

IC (Fig. 5.11(b)). This generated output upon each mechanical impact was high enough 

to light up 10 blue LEDs connected in series which can be clearly viewed from the 

digital image of Fig. 5.11(c). This wirelessly transferred power was also efficient to 

charge several commercial capacitors. Fig. 5.11(d) clearly shows that the 1 µF and 2.2 

µF capacitors were charged up to 3.3 V and 1.7 V, respectively under repeated 

mechanical impacting for 100 s. This stored electrical energy was capable of powering 

low powered electronic gadgets like electronic calculator, digital watch, and digital 

slide callipers (Fig. 5.11(d-f)). Despite various damping in the wireless power transfer 

circuit, the fabricated HEH device was able to transfer sufficient power to power up 

the electronic devices which proved its potentiality and high efficacy. Thus, it can be 

inferred that the fabricated optimized HEH is quite capable of powering up various 

small and portable electronic devices via a wireless power transfer mechanism. This 

technology may therefore be very useful for various purposes, especially in biomedical 

applications such as wireless charging of batteries used in pacemakers and other 

implanted devices. 

5.4. Conclusions 

Lead-free morphotropic phase boundary composition BaTi0.89Sn0.11O3 (BTS) was 

synthesized via the modified Pechini method. Due to four phase coexistence, BTS 

showed piezoelectric charge coefficient (d33) of ~ 412 pC/N. BTS incorporated PDMS 

based composite films were further arranged suitably with normal printer paper to 

fabricate a piezo tribo hybrid energy harvester device. The coupling of high 

piezoelectricity along with high relative permittivity of BTS fillers inside PDMS 

augmented the output voltage by 200 %. The generated optimized output voltage, 

output current, and instantaneous power density by the HEH device were 358 V, 36 

µA, and 1.08 mW/cm2, respectively. Moreover, the optimized device was used for 

different biomechanical energy harvesting. It was found to be very suitable for 

analyzing writing patterns which could be suitably used in smart robotics and code-
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language communication for security purposes. Furthermore, the device was 

successfully utilized as a power source for induction based real time wireless power 

transmission. The real-life application of wirelessly transmitted output power was 

experimentally confirmed through charging capacitors, powering low-powered 

electronic gadgets such as a digital watch, electronic calculator, slide callipers, and 

lighting up LEDs. Thus, the present technology paves the way for different real-life 

applications including biomedical fields. 
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Chapter 6 

Conclusions and Future Perspectives 

6.1. Conclusions 

In this dissertation, the major research accomplishments achieved during Ph.D. 

studies are presented. The primary research objectives centered on the development 

of high-performance piezoelectric assisted triboelectric hybrid energy harvesters 

(HEH) with specific attributes, including increased output properties in terms of 

output voltage and current, flexibility, and versatile functionality. Another key aim was 

to discover innovative applications for HEH technology that can offer cost-effective, 

safe, convenient solutions to address energy challenges, specific sensing, as well as 

smart applications. In this chapter, a concise summary of achievements and a proposal 

of the roadmap for future HEH research for further exploration and advancement in 

this field were explored. Through the literature review and background study which is 

covered in Chapter 1, it is evident that there are various types of approaches to 

augment the power generation capability of piezoelectric and triboelectric energy 

harvesters. One of the best strategies to manipulate output properties was to load the 

functional polymer layers with piezoelectric ceramic materials. Therefore, the portion 

of synthesis of ceramic materials and ceramic/polymer composite films, fabrication of 

piezoelectric, triboelectric, and hybrid energy harvesters and the characterizations of 

various parameters which were carried out during my dissertation work are depicted 

in Chapter 2.  

In Chapter 3, Barium Strontium Titanate/ PVDF-based composite films were 

studied for piezoelectric energy harvesting. This chapter deals with the connection 

between the structural attributes and multifunctional properties within the 

Ba(1−x)SrxTiO3 System (where, x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) and the optimization of 

the composition which will be used for the synthesis of polymer composite. For this 

purpose, Ba(1−x)SrxTiO3 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) particles were synthesized using 

solid state method. XRD study proved a structural phase transition from a non-

centrosymmetric ferroelectric state to a centrosymmetric paraelectric phase near x = 

0.4. Raman spectra of all the samples supported the XRD results and also confirmed 

the presence of polar nanoregions for Ba0.6Sr0.4TiO3 (BST40) sample.  Among all these 
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compositions, BST40 showed maximum room temperature dielectric permittivity (~ 

4000 at 1 kHz) with good frequency and thermal stability. Moreover, this sample 

exhibited a comparatively lower value of dielectric loss tangent than that of undoped 

BaTiO3. Along with these advantageous attributes, leakage current density is also very 

low which makes it a worthy filler material for composite synthesis. Then this BST40 

was utilized as the filler material which was embedded in the PVDF matrix. Taking the 

advantage of negative Zeta potential of BST40, the -CH2 dipole of PVDF interacted 

with it and resulted in an increment in the electroactive polar phase. Then that 

composite was employed for piezoelectric energy harvesting and self-powered 

mechanosensing applications. This composite film was capable of generating 

maximum output voltage and output power density of 15 V and 6.75 µW/cm2 

respectively on repeated human finger tapping. In the context of energy harvesting, 

the BST40/PVDF-based composite film displayed limited promise, primarily due to 

the constraints imposed by BST40's centrosymmetric crystal structure. 

  

Fig. 6.1 Summarization of Chapter 3. 

In Chapter 4, the limitation posed by BST40's centrosymmetric crystal 

structure was addressed by introducing (Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 (BCHT) particles. 

These BCHT particles had a notably high piezoelectric charge coefficient of 333 pC/N 
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and were incorporated as fillers to create flexible BCHT/PVDF composites. This 

strategic addition significantly bolstered the piezoelectric energy harvesting 

capabilities as perovskite BCHT particles served as nucleation centers, aligning the 

PVDF polymer chains in a trans conformation. This alignment increased the fraction 

of electroactive phases within the composite and enhanced its ability to trap electrons. 

The infusion of piezoelectric BCHT fillers resulted in notable improvements in both 

the piezoelectric and dielectric properties of the composite films. The enhanced 

piezoelectric properties of these composites, in turn, had a positive impact on the 

performance of the energy harvesting (HEH) device. By effectively harnessing the 

triboelectric effect within the system, the HEH device achieved a maximum output 

voltage of approximately 396 V and a current of about 30 µA, highlighting an 

instantaneous power density of 1.72 mW/cm2. This remarkable performance boost 

was attributed to the successful synergy between the piezoelectric and triboelectric 

effects. Furthermore, the HEH device exhibited efficient electromechanical conversion 

capabilities, enabling it to capture energy from various body movements, such as those 

of the heel, toe, wrist, elbow, and even fine finger motions. Ultimately, the fabricated 

HEH device found practical application as a self-powered sensor in the development 

of smart home and smart parking systems. With its impressive power generation 

capacity and emphasis on wireless technology, this HEH device emerged as an 

adaptable and portable energy source for flexible smart electronics. 

      

Fig. 6.2 Summarization of Chapter 4. 
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Now in Chapter 5, the idea of piezoelectric-assisted triboelectric hybrid energy 

harvester was again implemented in another HEH device where lead-free 

morphotropic phase boundary composition BaTi0.89Sn0.11O3 (BTS) was synthesized via 

the modified Pechini method. Due to four phase coexistence, BTS showed a 

piezoelectric charge coefficient (d33) of ~ 412 pC/N. Here, this time our focus was 

shifted towards another negative triboelectric polymer matrix which is PDMS instead 

of PVDF. BTS-incorporated PDMS-based composite films were further arranged 

suitably with normal printer paper to fabricate a piezo tribo hybrid energy harvester 

device. The generated optimized output voltage, output current, and instantaneous 

power density by the HEH device were ~358 V, 36 µA, and 1.08 mW/cm2, respectively. 

Moreover, the optimized device was used for different biomechanical energy 

harvesting like walking, jogging, and running. It was found to be very suitable for 

analyzing writing patterns written on it which could be suitably used in smart robotics 

and code-language communication for security purposes. Furthermore, the device was 

successfully utilized as a power source for induction-based real-time wireless power 

transmission. The real-life application of wirelessly transmitted output power was 

experimentally confirmed by charging capacitors, powering low-powered electronic 

gadgets such as digital watches, electronic calculators, slide calipers, and lighting up 

LEDs. Thus, the present technology paves the way for different real-life applications 

including biomedical fields. 

 

Fig. 6.3 Summarization of Chapter 5. 
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6.2. Future perspectives 

This interdisciplinary study placed a significant emphasis on presenting methods for 

optimizing the performance of piezoelectric assisted triboelectric hybrid energy 

harvester. Nevertheless, there are several critical areas that require additional research 

efforts to address, enhance, and further refine the conclusions in this thesis.  

1. Firstly, the filler material possesses a very high dielectric permittivity whereas, 

PVDF/PDMS is characterized with a low permittivity polymer material. That is 

why there is a significant gap in dielectric permittivity between these two 

materials, which deteriorates the homogeneity of the filler material inside 

PVDF matrix and simultaneously decreases breakdown strength. To 

compromise this effect, approaches like several coatings (SiO2, TiO2, Al2O3 etc.) 

of lower dielectric permittivity materials around the filler material can be 

pivotal solution which will enhance the uniformity of filler material as well as 

the breakdown strength. In the meantime, this effect will enhance the durability 

of the functional material as well as the energy harvesting device. 

2. Though the output voltage generated from HEH device is high but output 

current generated from the HEH device is of µA range. The limited current 

output does not provide an adequate power supply for larger electronic devices 

or applications that demand significant energy. To overcome this shortcoming 

and to enhance the output current towards few hundreds of µA or in mA range, 

various approaches including conducting material incorporation and ion 

implantation on the functional layer can be done. 

3. Generally, the output generated from the HEH device is of AC pattern. For 

application purposes we convert it to a dc and then utilize it for several real-life 

applications. Now, fabrication of dc hybrid energy harvester device can be done 

with the help of structural modification and simple engineering. 
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4. The present dissertation deals with the solid-solid interface energy harvester 

devices. However, for rain water energy harvesting, ocean energy harvesting 

solid – liquid interface energy harvester device can be structured. 

5. Finally, fabrication of a single setup where energy harvesting as well as energy 

storage can be done. To put it simply, energy storage plays a vital role in energy 

harvesting systems, allowing for effective, dependable, and adaptable energy 

utilization. It guarantees the ability to capture, store, and deploy energy as 

required, even when dealing with sporadic and fluctuating energy sources. 
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a b s t r a c t   

Considering the superior multifunctional performance and beautiful structural tunability, Ba(1−x)SrxTiO3 

(0 ≤ x ≤ 1) samples were synthesized in this work by following a conventional solid state reaction technique. 
The structural, vibrational, optical and dielectric properties of the synthesized materials were characterized 
extensively throughout the work. Band gap energy of all the materials was evaluated from optical char
acterizations and correlated with structural properties. Study of leakage characteristics rendered fruitful 
explanation for electrical properties. At x = 0.4, a structural phase transition from ferroelectric to para
electric state was observed. All the functional properties were correlated with structural properties. The 
Ba0.6Sr0.4TiO3 sample showed maximum room temperature dielectric permittivity (~4000 at 1 kHz) with 
good frequency and thermal stability. The dielectric loss tangent of this composition was reduced to ~0.0098 
(at 1 kHz) which was even much lower than that of undoped BaTiO3. The detail temperature dependent 
dielectric and impedance characteristics of this sample were also evaluated. The activation energy, calcu
lated from dielectric characterizations, was found to be ~1 eV suggesting the governance of doubly ionized 
oxygen vacancy for conduction and relaxation mechanism. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

BaTiO3 is the most widely studied material which shows ex
cellent ferroelectric and piezoelectric performance [1–4]. This class 
of materials find their huge applications in different fields of de
velopment of technological electric devices such as energy storage, 
memory and switching device [5,6]. Furthermore, BaTiO3 and BaTiO3 

based ceramics show auspicious dielectric properties too, which 
make these materials useful in different fields like, development of 
multilayer and voltage-tunable capacitor, electro-optic device, in
frared sensors and efficient transducers [7–9]. Owing to its superior 
piezoelectric properties, now-a-days BaTiO3 based materials are 
being widely used for the development of piezoelectric actuators for 
energy harvesting [10]. Furthermore, this material is very suitable as 
an eco-friendly replacement of lead based piezoelectric material 
‘lead zirconate titanate (PZT)’. Therefore, the investigation of the 
electrical properties of this material is of immense interest to the 
researchers all over the world. Despite being studied widely, re
searchers are still attracted to study and tune the properties of this 
material by following several techniques. 

Numerous techniques such as alloying this material with other 
perovskite oxides, cite engineering, domain engineering etc. have 
been followed till date to tailor the performance of BaTiO3 [11–13]. 
Due to the capability of perovskite lattice of BaTiO3 to host ions with 
different size, there is ample scope of addition of different dopant 
ions to this material deliberately [14]. In this regard, alloying of 
BaTiO3 with perovskite oxides like, BiFeO3 [15], KNbO3 [13], BiYbO3  

[11], CaTiO3 [16], SrTiO3 [17], Bi0.5Na0.5TiO3-NaNbO3 [18], CaTiO3- 
BaHfO3 [19], CaTiO3-BaZrO3 [20], etc. have already been extensively 
studied earlier. On the other hand, Ba-site and/or Ti-site doping with 
Sm3+ [21], Sr2+ [22], Ca2+ [23], Li+-Ho3+ [12], Mn4+ [24], Ni2+ [25], 
Fe2+-W6+ [26], Fe3+ [27], Ca2+-Zr4+ [14], Ca2+-Zr4+-Mn4+ [28], Zr4+  

[29], Sn4+ [29], Hf4+ [30], etc. have also been previously studied ex
tensively. Among all these techniques, the studies of Sr2+ doped 
BaTiO3 have drawn much attention in recent years due its robust 
non-linear dielectric permittivity, small dielectric loss tangent and 
highly tunable and sensible thermal stability of dielectric permit
tivity which are very useful during the development of tunable 
microwave devices [7,8]. Moreover, the structural properties of 
BaTiO3 strongly depends on the concentration of Sr2+ ion doping in 
Ba2+ site which in turn greatly affects its electrical properties [31,32]. 
Besides, the appearance of ferroelectricity in Sr2+ doped BaTiO3 in 
paraelectric centrosymmetric phase (for a particular composition) 
has made this material worthy of investigation [33]. 

https://doi.org/10.1016/j.jallcom.2021.161072 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   
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Barium titanate based paraelectric material incorporated Poly(vinylidene 
fluoride) for biomechanical energy harvesting and 
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A B S T R A C T   

Being a superior dielectric material exhibiting low loss, x = 0.4 composition of Ba1-xSrxTiO3 nanoparticles have 
been widely used as fillers in poly(vinylidene fluoride) (PVDF) for efficient flexible dielectric and electrical 
energy storage application. The mentioned composition of the material is also very attractive choice of interest to 
the researchers due to its ability of ferroelectric to paraelectric phase transition. Due to its paraelectric nature, 
Ba0.6Sr0.4TiO3 has not been used for mechanical energy harvesting application till date. Here we have used 
Ba0.6Sr0.4TiO3 particles as fillers in PVDF matrix for efficient mechanical energy harvesting purpose. In the 
present work, along with the flexible dielectric, ferroelectric and energy storage applications, the developed 
composite films have been explicitly used for efficient biomechanical energy harvesting, powering small elec
tronic devices and pressure sensing. The fabricated nanogenerator successfully generated a maximum output 
voltage and output power density of 15 V and 6.75 μW/cm2 respectively on repeated human finger tapping. The 
obtained output power has been clearly explained on the basis of polar phase formation and consideration of 
stress concentration effect.   

1. Introduction 

With the advancement of modern civilization, the uses of portable 
electronic devices are growing up day by day in our daily life. Most of 
the portable electronic devices utilize conventional batteries as their 
power source. But, considering the limitations of conventional batteries 
such as, requirement of periodic replacement and environmental 
pollution during disposal, researchers are focused on the development of 
energy sources in portable and self-powered manner [1–3]. In this re
gard, nanogenerators are considered one of the best known technology 
that can be used for these type of applications. In recent times, har
vesting ambient waste mechanical energy into electricity by utilizing 
nanogenerator devices is one of the most attractive research topics all 
over the world [3]. For ambient mechanical energy harvesting, piezo
electric and triboelectric nanogenerators are commonly used [3,4]. 
Researchers are now engaged to develop these devices in flexible 
manner so that they can be easily used in various real life applications. 
Therefore, polymer based materials have become the best choice of in
terest to the researchers. The present work is also focused on developing 
flexible polymer based composites for nanogenerator application. Both 

the piezoelectric and triboelectric devices can be prepared by using 
flexible polymer based composites. But, owing to their special type of 
device formulation, triboelectric nanogenerators cannot be effectively 
used in various multifunctional electronic purposes other than me
chanical energy harvesting and self-powered sensing. On the other hand, 
though the piezoelectric nanogenerators exhibit comparatively lower 
mechanical energy harvesting performance, they can be effectively used 
in several other multifunctional electronic applications including 
dielectric, ferroelectric, electrical energy storage and supercapacitor 
performance [5–7]. Therefore, the present work is mainly focused on the 
development of polymer based flexible composite films for multifunc
tional applications including dielectric, ferroelectric, energy storage and 
mechanical energy harvesting performance. For this purpose, such 
polymer material is needed to be chosen that, the material exhibits 
inherent dielectric, ferroelectric and piezoelectric properties. That’s 
why poly(vinylidene fluoride) (PVDF) and its co-polymers are the best 
choice to fulfil the desired requirements [3]. Therefore, PVDF was 
chosen as the base polymer matrix in the present study. 

PVDF is perhaps the most widely used flexible material for efficient 
dielectric, ferroelectric, electrical energy storage and mechanical energy 

* Corresponding author. 
E-mail address: shrabanee@cgcri.res.in (S. Sen).  

Contents lists available at ScienceDirect 

Materials Science in Semiconductor Processing 

journal homepage: www.elsevier.com/locate/mssp 

https://doi.org/10.1016/j.mssp.2022.107128 
Received 22 June 2022; Received in revised form 31 August 2022; Accepted 20 September 2022   

mailto:shrabanee@cgcri.res.in
www.sciencedirect.com/science/journal/13698001
https://www.elsevier.com/locate/mssp
https://doi.org/10.1016/j.mssp.2022.107128
https://doi.org/10.1016/j.mssp.2022.107128
https://doi.org/10.1016/j.mssp.2022.107128
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mssp.2022.107128&domain=pdf
HP
Highlight



Morphotropic Phase Boundary-Assisted Lead-Free BaTiO3/PDMS
Composite-Based Hybrid Energy Harvester: A Portable Power
Source for Wireless Power Transmission
Sourav Maity, Abhishek Sasmal, Epsita Kar, and Shrabanee Sen*

Cite This: ACS Appl. Energy Mater. 2023, 6, 7052−7064 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Here, in this present work, the development of a lightweight,
flexible hybrid energy harvester using a composite BaTi0.89Sn0.11O3 (BTS)/
polydimethylsiloxane (PDMS) has been proposed. A significantly enhanced
output performance of hybrid energy harvester (HEH) was achieved by
strategically coupling the piezoelectric effect with the triboelectric output.
Thus, multiphase coexisted BTS particles as confirmed by the structural and
dielectric properties, with a high value of d33 coefficient ∼412 pC/N, were
used as filler for the functional layer (PDMS) of the device. The hybrid
energy harvesting device can harvest a maximum voltage of ∼358 V with an
instantaneous power density of 1.08 mW/cm2 from human finger imparting
(force ∼ 100 N, frequency ∼ 4 Hz). The fabricated device harvests energy
from handwriting and differentiates fine patterns of different letters by using
it as a writing pad. In addition to that, a wireless system utilizing an
inductor-based resonant coupling mechanism was developed for wireless
power transmission. The easy processability, flexibility, high output performance, and alignment toward a power source for wireless
power transmission make the fabricated HEH device a promising candidate for various applications for portable smart flexi-
electronics.
KEYWORDS: piezoelectric, triboelectric, hybrid, biomechanical energy harvesting, wireless power transfer

■ INTRODUCTION
Hydrocarbon-based traditional fossil fuels are the major source
of energy for the development of our human civilization. Of
late various countries are facing serious scary issues regarding
the difference between energy requirements and production.
Along with this lack of resources, fossil fuels are highly
responsible for climate change and environmental pollution
resulting in the serious problem of global warming. To tackle
these issues and to meet worldwide energy demand, rigorous
research is in progress focusing on renewable and clean energy
resources. In this regard, sustainable energy resources like
solar, mechanical, wind, chemical, etc., can be a vital solution
to make this world eco-friendly.1−3 Among these, mechanical
energy sources are available everywhere in the form of human
activities, ocean waves, breezes, etc., and this energy is
converted to usable electrical energy through energy harvesters
(piezoelectric and triboelectric).
With the advancement in Internet of Things, the require-

ment for self-powered sensors, medical monitoring devices,
and handy electronic devices are in desperate need, which
makes low-energy harvesting devices a research worthy topic in
recent times. A triboelectric energy harvester (TEH), which
works on triboelectric charging and electrostatic induction
theory, has gained tremendous attention due to its higher

output generation capability than a piezoelectric energy
harvester (PEH). In TEH, there are two triboelectric material
layers with a difference in their electron affinity, which upon
contact with each other generates opposite static charges,
whereas PEH transforms mechanical energy into electrical
energy with the help of the piezoelectric effect. In this case, due
to its intrinsic non-centrosymmetric structure, piezoelectric
material generates a charge on the application of mechanical
stimuli.
To date, various approaches (doping,4,5 defect engineer-

ing,6,7 etc., for ceramic materials and ceramic filler
inclusion,8−10 electrospinning,11,12 etc., for polymer materials)
have been utilized to amplify the output properties of PEH. On
the other hand, for TEH, output power density, which is a
measure of its superiority, mainly depends on the dielectric
constant and surface charge density of the triboelectric layers.13
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Multiphase coexisted perovskite/PVDF composite derived wearable 
piezo-tribo hybrid energy harvester for wireless smart applications 
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A B S T R A C T   

With the unprecedented advancement of smart, wearable, and flexible electronics the modern world is advancing 
towards the Internet of Things (IoT) era. To cope with this ever-increasing demand for smart electronics, a 
wearable and sustainable energy solution is highly desirable. Thus, the present work reports on a high- 
performance wearable power source assisted with piezoelectricity coupled triboelectricity based hybrid energy 
harvesting (HEH) phenomenon. A compatible (Ba0.85Ca0.15)(Ti0.90Hf0.10)O3 (BCHT) impregnated poly(vinyli
dene) fluoride (PVDF) composite was used as the functional layer for the HEH device. The excellent piezo nature 
(d33 ~333 pC/N) of the incorporated fillers improves the electromechanical performance of the functional layer 
of HEH. This sustainable HEH shows excellent energy harvesting performance with an output voltage, current, 
and power density of ~396 V ± 10 V, ~ 30 µA ± 2 µA, and 1.72 mW/cm2, respectively. This excellent output 
performance of HEH is attributed to the synergistic phenomena occurring between the piezoelectric and tribo
electric effects inside the device. This HEH shows excellent energy harvesting performance in scavenging bio- 
mechanical energies. Further, the fabricated HEH was utilized as a smart switch which acts as a source of 
signal generation for wireless smart home operations. In order to develop a Bluetooth enabled smart home 
connection, a 2 X 2 array of smart switches were assembled which can efficiently generate signals distinctively to 
control different equipment of a smart home such as light, fan, mobile charger, etc. Further, the fabricated HEH 
was used as a self-powered sensor to develop a smart parking system. Thus, with this excellent power generation 
capability and alignment towards wireless technology enables the designed HEH as the pervasive energy solution 
for flexible smart electronics.   

1. Introduction 

Of late with the swift advancement of Internet of Things (IoT), there 
is an upsurging urgency in the development of sensors as well as 
different electronic gadgets. To maintain and uplift their lifestyle, 
human civilization is bending towards electronic gadgets embedded in 
smart clothes [1,2], smart homes [3–5], smart agriculture [6], health
care monitoring [7], remotely controlling emergency situations [8], etc. 
consequently, the interaction between human and machines are 
increasing through human–machine correlated systems day by day. This 
ever-increasing demand for electronic equipment which act as the 
building blocks for IoT technology leads to massive power requirement. 
In today’s world, most of this power demand is fulfilled by commercial 
batteries or grid power cords. As far as commercial batteries are con
cerned, they possess limitations like charging after a specific time, 
replacement issues, and the presence of toxic elements. Whereas power 

from the electric power grid mainly comes from non-renewable energy 
resources. Owing to high carbon emissions, extensive use of such non- 
renewable energy sources results in severe detrimental effects of 
global warming. To cope with these adversities, researchers are 
concentrating their hubs on the development of self-powered sensor 
networks, which can operate without any external energy sources 
[9–11]. 

In this scenario, several easily accessible mechanical energy sources 
such as human motion-based bio-mechanical energy, wind energy, 
ocean wave energy, etc. can act as considerable substitutes. These me
chanical energy sources can be used to generate electrical energy using 
different mechanical energy harvesters, which can be a feasible solution 
for such increasing demand for portable power supply [11,12]. 
Depending upon the working mechanism, the most widely used me
chanical energy harvesters are named piezoelectric [13–16], triboelec
tric [1–4], electromagnetic nanogenerators [17], etc. Out of these 
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Fabrication of Fe doped reduced graphene oxide (rGO) decorated WO3 
based low temperature ppm level acetone sensor: Unveiling sensing 
mechanism by impedance spectroscopy 
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A B S T R A C T   

Chemiresistive MOS-based acetone sensing device is a futuristic pathway for non-invasive diagnosis of diabetes. 
Although their potential deployment is restricted till now due to lack of selective, low temperature operated 
ppm-level sensors. In this work, we demonstrated synthesis of iron doped reduced graphene oxide (rGO) 
decorated WO3 nanocomposites in a facile, environment friendly wet chemical sol-gel process. The as- 
synthesized nanocomposites were comprehensively characterized by using different characterization tech
niques. A maximum ~78% sensing response was obtained for the optimized composition of ~10 wt% Fe doped 3 
wt% rGO decorated WO3 based thin film (thickness ~700 nm) sensor towards ~10 ppm acetone gas. This sensing 
performance was observed at comparatively low working temperature of ~130 ◦C with fast response (~20 s) and 
recovery (~75 s) time. The efficacy of the fabricated sensors was established by their capabilities to sense a very 
low concentration of ~1 ppm acetone under similar working environment. Further illustration of versatility of 
the sensors revealed that, the sensors could be able to manifest a repeatable and reproducible sensing perfor
mance with prolong stability and superior selectivity for acetone over other interfering gases. The acetone 
sensing mechanism was illustrated with the help of electron depletion model and impedance spectroscopy study. 
Impedance spectroscopy quantifies different electrical properties and enlightens the smooth electronic transition 
mechanism between analyte and sensing material.   

1. Introduction 

At present, several toxic gases and volatile organic compounds 
(VOCs) evolved from our different habitual style of living; impart an 
adverse effect on environment and raise a great concern for human 
health [1–4]. On the other hand, some of them are generated in human 
body due to different metabolic processes and recently identified as 
potential biomarker [5–8] for early stage non-invasive detection of 
diseases. It has been observed that under certain pathological condi
tions, in ppm level concentration, acetone is breath biomarker for dia
betes [9,10], ammonia for kidney disorder [11,12], hydrogen sulfide for 
asthma [13,14] etc. In this respect, real time monitoring of these gaseous 
species in minute concentration is utmost necessity. Generally, analyt
ical technologies involving spectroscopy and chromatography are in use 
for their detection. Although, they are significantly accurate but seemed 
to be complicated, non-portable and tedious. In order to avail cost 
effective and hand-held user-friendly device with good accuracy, 

reproducibility and fast response/recovery time, several research works 
are in progress. Worldwide researchers are interested in metal oxide 
semiconductors (MOSs) based chemiresistive sensors [15–20] because 
of their excellent reproducibility, non-toxicity and ease of production. 
However, their practical applications are challenging due to poor 
selectivity and high temperature of operation. At elevated operating 
temperature range the sensors consume high power and leads to 
complication in device fabrication. The temperatures also degrade the 
sensing behavior through grain coalescence and thus shorten their life
time. Hence, recent research studies are devoted almost entirely in 
fabrication of low temperature sensors. 

From this viewpoint, WO3, an n-type metal oxide semiconductor, is 
considered as one of the significant candidate for gas sensing [21–24]. 
The superiority of WO3 prevails due to its different crystalline nano
structures with high oxygen vacancies and excellent electrical conduc
tivity. In spite of that, WO3 based sensors suffer from drawbacks like 
poor sensitivity and high working temperature. With this viewpoint, 
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Multiferroic BiFeO3-based hydrophobic polymer
composites for polarization rationalization-
induced piezo-tribo hybrid energy harvesting and
versatile self-powered mechanosensing†

Abhishek Sasmal, a Aniket Patra, b Sourav Maity,a Shewli Pratihar a

and Shrabanee Sen *a

BiFeO3-poly(vinylidene fluoride) (BFO-PVDF) and BiFO3-polydimethylsiloxane (BFO-PDMS) piezoelectric

composite films have been fabricated herein and used to develop flexible piezoelectric-triboelectric

hybrid nanogenerators by forming different combinations with aluminium (Al) electrodes (PVDF-Al,

PDMS-Al and PDMS-PVDF) using the contact-separation mode. The dielectric permittivity of both the

PVDF- and PDMS-based composites has been found to increase from �9 and 3.2 for a filler loading of

3 wt% to �16.6 and 4.7, respectively, for 10 wt% BFO concentration within their matrix. The mechanical

stimulus-driven output voltage has also been found to be increased from �7.5 V and 35 V to �18 V and

100 V for the respective films. The rational augmentation of the polarization of PVDF and PDMS induced

by the gradually increased BFO filler concentration in their matrix, as confirmed from the above-

mentioned results, have been found to significantly affect the output performance of the fabricated

piezo-tribo hybrid nanogenerators. Among the three types of fabricated hybrid devices, the combination

of 10 wt% BFO-incorporated PDMS with an aluminium electrode shows the best output performance

both theoretically and experimentally. Hence, this combination has been used to develop a flexible

multi-unit hybrid nanogenerator (M-HNG), which shows further performance enhancement (output

power density: �600 mW cm�2). The M-HNG was then used for biomechanical energy harvesting,

powering small electronics and different self-powered mechanosensing applications including motion

sensing, pressure sensing, water drop counting and phonation monitoring.

1 Introduction

The energy crisis is increasing day by day with the advancement
of modern civilization. Therefore, researchers all over the world
are attempting to develop new energy sources in various eco-
friendly ways. For this purpose, renewable energy such as
solar energy, wind energy, geothermal energy, biomass energy,
and ocean wave energy have been already developed and are
under extensive research all over the world. However, all of
these energy sources require a very large area and cost of
installation and are not portable in nature. Moreover, due to
progress in the modern era, the use of portable electronic
devices is increasing very rapidly. Thus, the development of new
and green energy sources in a portable and wearable manner is
an attractive prospect for researchers. For this purpose,

nanogenerators are the best known technology, which can
convert ambient irregular mechanical or thermal energy into
electricity. Although the power outputs from nanogenerators
are low compared to those of renewable energy sources, they are
sufficient to drive low-power-consumption electronic devices.

Considering the easy availability of different mechanical
energy sources in our surroundings, piezoelectric nano-
generators (discovered in 2006)1 and triboelectric nano-
generators (discovered in 2012)2 have drawn much attention
due to their unique feature of converting any irregular
mechanical vibration into electricity. Therefore, the develop-
ment of self-powered, portable and wearable electronic skin,
smart electronics and healthcare monitoring devices using
piezoelectric or triboelectric nanogenerators has become one of
the most attractive topics of interest to researchers in recent
times. Although the output power from triboelectric nano-
generators is sufficient enough to drive smart electronic
devices, piezoelectric nanogenerators suffer from low electrical
power output. In this regard, researchers have recently focused
on the development of triboelectric nanogenerators by incor-
porating piezoelectric features into them, so that a higher power
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ABSTRACT

Different nanomaterials and their modified forms are very often added into a poly(vinylidene fluoride) (PVDF) matrix in order to improve
the energy storage and conversion efficiency of the system. The improvement in energy storage density caused by this secondary
nanomaterial addition is most often found to be accompanied by the reduction in energy storage efficiency due to increased amounts of
space charges. Here, we show that both the capacitive energy storage density and efficiency can be simultaneously improved by air-plasma
discharging on the PVDF based composite system. The energy storage density and efficiency of a 5wt. % BiFeO3 loaded PVDF film (5BF)
have been found to be increased to �1.55 J/cm3 and �73%, respectively, from the values of �1.36 J/cm3 and 59% after air-plasma discharg-
ing. The dipole rotation caused by air-plasma discharging also helped in improving the mechanical to electrical energy conversion efficiency
and magnetoelectric coupling of the studied composite system. Upon similar periodic applied stress, the pristine and air-plasma discharged
5BF film showed �3 and 9.6 lW/cm2 of output electrical power density with �13.5 and 19.2 V of open circuit output voltage, respectively.
The air-plasma discharged 5BF film (5BFD) has also shown an excellent magnetoelectric coupling coefficient (a33) of �35mV cm�1 Oe�1 at
1 kHz frequency of fixed AC magnetic field (�3Oe) and 4 kOe of DC bias field. The simultaneous improvement of all of these parameters of
the studied composite system caused by air-plasma discharging proves its multifunctional applicability in a variety of real life applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137968

Poly(vinylidene fluoride) (PVDF) is perhaps the best known flex-
ible and cost-effective polymer material which shows excellent ferro-
electric and piezoelectric characteristics. Thus, it is being used very
widely all over the world for the development of efficient flexible
energy storage and mechanical energy harvesting devices for next gen-
eration wearable electronics.1–3 It is worth mentioning that both of the
above-mentioned performances can be significantly tuned by the
usage of secondary inorganic nanomaterials into a PVDF matrix.4–6

Though the addition of secondary nanomaterials can improve these
performances, the improvement of energy storage density (Ustored) of
PVDF based binary composite films caused by rational loading of
nanomaterials is very often accompanied by the reduction in storage

efficiency (g).5,6 In order to resolve this issue, various surface modifica-
tion techniques of filler nanomaterials and the modification techniques
of filler–polymer interfaces have widely been explored by the research-
ers all over the world.6–8

The decrease in g in PVDF based binary composites along with
their increased value of Ustored is mainly driven by the increased space
charges within the composite films due to the increased amount of fil-
ler loading. On the other hand, the existence of space charges within
the PVDF based composites have recently been found to show better
mechanical energy harvesting activity.9 Therefore, such technique is
needed to be utilized by which the amount of space charges can be
reduced without any significant reduction in energy harvesting

Appl. Phys. Lett. 122, 083902 (2023); doi: 10.1063/5.0137968 122, 083902-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0137968
https://doi.org/10.1063/5.0137968
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0137968
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0137968&domain=pdf&date_stamp=2023-02-22
https://orcid.org/0000-0002-4332-246X
https://orcid.org/0000-0003-2637-1865
https://orcid.org/0000-0003-4383-4358
https://orcid.org/0000-0002-2824-9313
https://orcid.org/0000-0002-2823-0217
mailto:absk102@gmail.com
mailto:aarajan@iitm.ac.in
https://doi.org/10.1063/5.0137968
https://scitation.org/journal/apl
HP
Highlight



Chemical Engineering Journal 468 (2023) 143794

Available online 27 May 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.

Nano to micrometer range particle size effect on the electrical and 
piezoelectric energy harvesting performances of hydroxide mediated 
crosslinked PVDF composites 

Abhishek Sasmal a,b, Sourav Maity a, Payel Maiti c, A. Arockiarajan b,d, Shrabanee Sen a,* 

a Functional Materials and Devices Division, CSIR-Central Glass & Ceramic Research Institute (CSIR-CGCRI), Kolkata, West Bengal 700032, India 
b Department of Applied Mechanics, Indian Institute of Technology Madras (IIT Madras), Chennai, Tamil Nadu 600036, India 
c Department of Metallurgical and Materials Engineering, Indian Institute of Technology Kharagpur (IIT Kharagpur), Kharagpur, West Bengal 721302, India 
d Ceramic Technology Group, Center of Excellence in Materials and Manufacturing Futuristic Mobility, Indian Institute of Technology Madras (IIT Madras), Chennai, 
Tamil Nadu 600036, India   

A R T I C L E  I N F O   

Keywords: 
Particle size 
Hydroxide filler 
Hydrogen bonding 
PVDF 
Piezoelectric energy harvesting 
Space charge polarization 

A B S T R A C T   

The polar phase and piezoelectric response of filler-loaded PVDF-based composites very often depend on the 
interfacial interaction between the filler surface and PVDF dipoles. In this regard, hydrogen bonding interaction 
has shown a much stronger effect compared to other interactions. In order to induce hydrogen bonding inter
action, the filler surface is commonly modified by various modifiers. In the present work, instead of filler surface 
modification, we introduce ZnSn(OH)6 filler (hydroxide filler having a high number of –OH groups) into the 
PVDF matrix in order to facilitate the hydrogen bonding interaction. Not only the hydroxide fillers but the effect 
of wide particle size variation (from nano to micrometer range) into PVDF has also been shown here for the very 
first time. ZnSn(OH)6 fillers with similar morphology but different sizes have been synthesized by using a variety 
of techniques and then incorporated into the PVDF matrix. The microstructural defects of the composite films 
have been found to be gradually increased with the increase in filler size which in turn caused to gradually 
increase their space charge polarization. Filler, with 915 nm size has shown the best polar phase formation (~84 
%), dielectric permittivity (~10 at 1 kHz), and piezoelectric energy harvesting performance (output voltage ~20 
V) of the resulting PVDF-based composite and hence has been used for various real-life applications. All of these 
results have been suitably explained here on the basis of interfacial interaction, microstructural defect, and the 
mechanism of formation of space charge polarization.   

1. Introduction 

Owing to their superior ferroelectricity and piezoelectric character
istics among the polymer materials, Poly(vinylidene fluoride) (PVDF) 
and its copolymers and terpolymers are perhaps the most widely studied 
materials in present days, especially in the field of flexible energy stor
age and piezoelectric energy harvesting. Apart from good piezoelectric 
characteristics, their chirality-induced relaxor ferroelectric behaviour 
makes them very suitable for capacitive energy storage purposes [1,2]. 
The output energy storage and energy harvesting activities of PVDF are 
very often tuned by incorporating suitable filler materials in its matrix 
through the proper tuning of the interfacial effect [3,4]. Various inor
ganic fillers like ZnO [5], BaTiO3 [6], Pb(ZrTi)O3 [7], CsPbBr3 [8], SiO2 
[9], BiFeO3 [10], ZnSnO3 [11], etc. have been most widely used for this 

purpose. The improvement of output dielectric, ferroelectric, energy 
storage, and energy harvesting activity of PVDF-based composites are 
mainly governed by two factors. Firstly, the improvement of output 
performance of the composite system (compared to neat PVDF) may 
arise due to the enhancement of their polarity caused by the improved 
dipole orientation resulting from strong interfacial interaction between 
the filler surfaces and the dipoles of the PVDF matrix [10]. Secondly, the 
improvement of output performance of the composite system compared 
to neat PVDF may also occur due to the existence of the inherent 
ferroelectric and piezoelectric characteristics within the filler materials. 
Most often it has been found that the first factor renders the most 
prominent effect in enhancing the output performance of PVDF-based 
composites [12]. 

Therefore, researchers have utilized several techniques in order to 
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A B S T R A C T   

In the present work, reduced graphene oxide (rGO) decorated NiO-SnO2 nanocomposites were synthesized by 
using a facile sol-gel process and their structural (XRD, FTIR, Raman), morphological (BET, FESEM, TEM), and 
optical (UV-Vis, PL) characterizations were carried out. The as-synthesized NiO-SnO2 nanocomposite exhibited 
an enhancement of surface area after the incorporation of rGO and this substantial increment was expected to be 
beneficial for gas sensing at room temperature. Therefore, Taguchi-type sensors were fabricated and deployed for 
the detection of VOCs. The optimized sensor containing ~ 3 wt% rGO in NiO-SnO2 nanocomposite demonstrated 
an excellent sensing response (Rg/Ra ~ 7.8) towards ~ 10 ppm acetone at room temperature (30 ± 5 ◦C) with 
response and recovery time of ~ 10 s and ~ 30 s respectively. It also exhibited good reproducibility and stability 
over ~ 3 months. Additionally, this sensor selectively detected trace concentration (< 1 ppm) of acetone in 
exhaled human breath (ethanol present in a healthy person’s exhaled breath is insignificant), which is a non- 
invasive biomarker of diabetes. The sensing performance was analyzed from an electronic transportation 
point-of-view and consequent band structure modulation. The electrical property of the sensing material was 
illustrated using impedance spectroscopy to support the sensing mechanism.   

1. Introduction 

In the twentieth century, fast-track advancements in science and 
technology have adversely affected human health due to releasing of 
several toxic gasses and volatile organic compounds (VOCs) [1–8]. 
However, some VOCs (present in ppb/ppm level in exhaled breath) have 
recently been considered biomarkers for early-stage non-invasive 
detection of different diseases. Under certain pathological conditions, 
detecting a specific exhaled VOC can identify a particular disease 
[9–12]. The gas sensors are very promising to identify these VOCs, but 
the real challenge is their trace concentration. Acetone in exhaled breath 
has been recognized as a biomarker for the non-invasive detection of 
diabetes [13–16] at a concentration > 1 ppm. Therefore, developing a 
selective acetone sensor with good sensing response at low concentra
tions and fast response/recovery time is imperative. 

Among various types of metal oxide semiconductors (MOSs) based 
chemiresistive gas sensors [17,18], SnO2 is used extensively owing to its 
chemical stability and good sensitivity [19–22]. Nevertheless, its 
commercialization has constraints due to high operating temperature, 
lack of selectivity, low precision, and sluggish response/recovery time. 

To solve these problems, worldwide researchers are employing different 
strategies like microstructure modification, functionalization with noble 
metals [23–25], heterojunction formations [26–28] etc. Combining two 
semiconductor materials to form a binary heterojunction might be a 
fruitful successor as it can provide fluent electronic transportation via 
hole-electron recombination pathways. From this perspective, the 
introduction of p-type NiO in n-type SnO2 matrix develops a p-n heter
ojunction which can effectively attune charge carriers’ concentration 
across heterojunction barrier and thereby elevate sensing performance 
[29,30], e.g., Zhang et al. [31] demonstrated 500 ppm methane sensing 
at 330 ◦C by porous NiO nanosheets decorated with SnO2, Wei et al. [32] 
showed NO2 sensing performance of hydrothermally synthesized SnO2 
nanoneedle-anchored NiO microsphere at 230 ◦C. These literature 
studies reveal that NiO-SnO2 sensors can detect gases efficiently but 
operate at high working temperatures. However, high temperature 
operated sensors need more power consumption and grain coalescence 
leads to a shortening of lifetime, restricting them from commercial ap
plications. Henceforth, researchers are devoted to fabricate sensors 
operated at ambient temperature [33,34]. 

It is worth mentioning that enhancement of the surface area of 
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Electroactive properties and piezo-tribo hybrid
energy harvesting performances of PVDF-AlFeO3

composites: role of crystal symmetry and
agglomeration of fillers†

Abhishek Sasmal, a,b Sourav Maity,a A. Arockiarajanb,c and Shrabanee Sen *a

Inorganic filler-loaded PVDF-based composites have been very widely used for electrical and energy har-

vesting applications in recent times. In this regard, the effects of different parameters of fillers like size,

shape, chemical states, distribution, functional properties, and many others on the output performance of

PVDF have been widely studied. However, the effect of another important parameter, namely the crystal

symmetry of the filler, in tuning the energy harvesting performance of PVDF has been rarely explored.

Therefore, to explore this fact, here we develop PVDF-based composite films by using two types of

AlFeO3 fillers, one with rhombohedral R3̄c symmetry (AFRH) and another with an orthorhombic Pc21n

structure. Ferrite-based oxides have been chosen here as fillers due to their good dielectric compatibility

with PVDF. On the other hand, AlFeO3 has been chosen due to the simplicity of synthesizing it with both

centrosymmetric and non-centrosymmetric crystal structures and the scarcity of reports exploring the

energy-harvesting performance of AlFeO3-based polymer composites. A significant difference in particle

agglomeration has also been observed here between the mentioned two types of AlFeO3 fillers which

was mainly due to their specific synthesis conditions. The electroactive properties of PVDF have been

observed to be mostly dependent on filler agglomeration. However, the crystal symmetry has shown a

strong effect on the piezoelectric energy harvesting performances. As a result of these facts, the piezo-

tribo hybrid energy harvesting performance, which depends on both the dielectric permittivity and piezo-

electric activity, has been observed to be better for the AFRH5-based hybrid device (AFRH5H) (with ∼72 V

open circuit voltage and ∼45 μW cm−2 power density) compared to that of the AFOR5-based hybrid

device (AFOR5H). The real-life applications of all the energy harvesting devices have also been demon-

strated here.

1. Introduction

Poly(vinylidene fluoride) (PVDF) is perhaps the most widely
studied electroactive polymer in the last few years. It can be
used in a variety of electroactive applications including flexible
dielectrics and ferroelectrics, capacitive energy storage, piezo-
electric and triboelectric energy harvesting leading to self-
powered mechanosensing, and many others.1–5 The introduc-
tion of various filler materials in the PVDF matrix has been

widely reported to enhance its electroactive properties.6 Along
with the improvement of the electro-activity, the included filler
material can serve to induce various other properties in the
PVDF-based matrix if the filler exhibits specific inherent pro-
perties. For example, the introduction of magnetostrictive fillers
into PVDF can introduce magnetoelectric performance into the
resulting composite by coupling their magnetostrictive nature
with the inherent piezoelectricity of the host polymer matrix.7

Similarly, if the included filler exhibits good optoelectronic pro-
perties, it can induce the piezo-phototronic effect in the result-
ing PVDF-based composites.8 Due to the excellent piezoelectric
property of PVDF, especially in a flexible form, it has gained tre-
mendous attention in recent times in the field of flexible elec-
tronics. This excellent inherent property of PVDF has made it
possible to couple various other inherent properties of fillers
with its piezoelectricity. As a result of this fact, PVDF loaded
with different inorganic fillers is being widely used in a variety
of real-life applications in recent times including gas sensing,9

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt02547k
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bDepartment of Applied Mechanics, Indian Institute of Technology Madras,

Chennai – 600036, India
cCentre of Excellence in Ceramics Technologies for Futuristic Mobility, Indian

Institute of Technology Madras (IIT Madras), Chennai, Tamil Nadu – 600036, India
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